12 United States Patent

US010938082B2

(10) Patent No.: US 10,938,082 B2

Rogers 45) Date of Patent: Mar. 2, 2021
(54) APERTURE-COUPLED FOREIGN PATENT DOCUMENTS
MICROSTRIP-TO-WAVEGUIDE
TRANSITIONS CN 105846051 A 8/2016
EP 2573872 Al 3/2013
(71) Applicant: The Boeing Company, Chicago, IL (Continued)
(US)
OTHER PUBLICATIONS
(72) Inventor: John E. Rogers, Owens Cross Roads,
AL (US) Grabherr, W. et al., “Microstrip to Waveguide Transition Compat-
_ _ _ ible With mm-Wave Integrated Circuits,” IEEE Transactions on
(73)  Assignee: 'ITLH(%S%OEING COMPANY, Chicago, Microwave Theory and Techniques, vol. 42, No. 9, Sep. 1994, pp.
1842-1843.
(*) Notice:  Subject to any disclaimer, the term of this (Continued)
patent 1s extended or adjusted under 35
U.S.C. 154(b) by 96 days.
Primary Examiner — Ha1 V Tran
(21) Appl. No.: 16/111,830 Assistant Examiner — Michael M Bouizza
(22) Filed Aue. 24. 2018 (74) Attorney, Agent, or Firm — Moore IP Law
iled: ug. 24,
(65) Prior Publication Data (57) ABSTRACT

(1)

(52)

(58)

(56)

US 2020/0067165 Al Feb. 27, 2020

Int. CI.
HO1Q 9/04 (2006.01)
HO10 9/06 (2006.01)
(Continued)
U.S. CL
CPC e, HOIP 5/085 (2013.01); HO1IP 3/08
(2013.01); HOIP 3/12 (2013.01); HOIP 11/002
(2013.01);
(Continued)
Field of Classification Search

CPC .... HOI1Q 9/045; HO1Q 21/065; HO1Q 9/0414;
HO1Q 21/0075; HO1Q 13/06;

(Continued)

References Cited

An aperture coupled microstrip-to-waveguide transition
(“ACMWT”) 1s disclosed that includes a plurality of dielec-
tric layers forming a dielectric structure and an mnner con-

ductor formed within the dielectric structure. The

plurality

of dielectric layers includes a top dielectric layer that has a

top surface. The (“ACMWT”) further includes

a patch

antenna element (“PAE”) formed on the top surface, a

—
_1

bottom conductor, an antenna slot within the PAl

d COU-

—

pling element (“CE”) formed above the inner conductor and

below the PAE, and a waveguide. The waveguide includes

at least one waveguide wall and a waveguide
where the waveguide backend has a waveguide

backend,
backend

surface that’s a portion of the top surface of the top dielectric

layer and where the waveguide backend surface and the at
least one waveguide wall form a waveguide cavity within

U.S. PATENT DOCUM

EINTTS

the waveguide. The PA.

< 18 a conductor located within the

2,677,766 A
3,404,405 A

5/1954 Litchford
10/1968 Young

waveguide cavity at the waveguide backend surface.

20 Claims, 26 Drawing Sheets

(Continued)
APERTURE COUFLED
WHCROSTRIR-TC-WAVEGHIDE
Z R TRANSITION
" , 4 “ACKANT
130 WeAVEGUIDE CurTpyT » { 100 1}
¥ Cavry SIGRAL |
/’124 120 WPUT SIGNAL 440 .
- ' ER 132 - ,uﬁtmu
- .
N y WAVEGLIDS \ T DIELECTRIC STRUCTURE
28 114 \ Wasune o7 ‘”’1'{';“
ra4 ™, FRSTPORT , Waus e
\ 116 S~
M:E. i;ﬁf
142 - -
[ B;f;f T -
\“"\ P [ TP o STACKLP
T SUREACE T 7 HEGHT
. 5‘\:-‘:_ . ot ;L/Lﬁ 3 ) T 1___.-"' -
SELOMD R - R ,,.»”':/ 5 146
O0RT [ e iR {5 o
£28 e BN . #F:ﬁ o, DIELECTRIC
W, - ’{}f ﬂ LAYERS
= N e \\ BoTrow T
N ; ; - 9.;;:‘5‘ \ X f:ﬁwn'.lar:mﬁ
npuT TEM SIeNa ~ SN Hi2
122 / Tow
/ DIELESTRIC
CONDUCTOR ! . .
GUTPUT TEM oy / L AYER
StENAL ) ¢ 108
138 WAYEGIHIOE BACKEND
118 DIELEBTRIC

STRUCTURE
104

"‘ ]
WAVEGUIDE S _ REMWE
i ¥ 0
N WRVEGUIDE
1 . 464 3
Waveowos 0 \ \ \ FIRST PORT | Awies 200
BACKEND BURFAE \ VoA 134 , & a7 ;;’ |
207 : ' . , o
I N\ \ \' J ! / e / ﬂr's;T‘Cf;Tﬁr“ ADAESIVE
. LR, La .
. - AR
WAVESUIRE \, \ \ [ / po LE?
BACKEND . \ - !_ /r’ ~/ 116 108 p
118 . X 1 - JI’,, <
N g s/ 4 s S / DIELECTRIC
TOP SURFAQE “\\ : S/ / e S LAYERS
1T~ 4 | AR / 102
STACK-AUP \\ “l 1o j;, - // / A
HEIGHT “\l - ~_ 4 ’ L 2
146 S e e
I . 1 BRI ST ) - - ) . . -
BN : ' A S ! .‘“‘\
) : ™ s - 5 S- ; A o T %" A
41z "J ‘I' " :_ﬁ:. f" Sege - ':}:,d!?': .;;?";i".::'t L. ‘:!-.L: i == , \ '!* CEL{TER
y : T i I i
G L veer C ke ) \nﬁ Borick | \F PUSITION
7 ' ;-’f CONDUCTOR o ';_E(___aj e CONDUCTOR \ 402
. v R SR 112 |.
3{]‘“'# #:"};"ar | ,_..#"/ b e = \
\"’: t 4 ¢ 'Y . DIELECTRIC
' 4 1 i -, TG
(_} +++++ > / AL DAMETER INNER CONDUCTOR Ay STE;J;URL
- A 59 iy 408 jveld Dhet Ec,fﬁ'r1sfﬁ- HETURE
X Y DIELECTRIC 408 R
124 128 LAYER f.;E'ilH
400 26



US 10,938,082 B2

Page 2
(51) Imt. CL 2010/0245155 Al 9/2010 Miyazato et al.
ﬂ 2011/0062234 Al 3/2011 Oishi
HOLP 5/08 (2006.01) 2011/0090129 Al 4/2011 Weily et al.
HOIP 3/05 (2006.01) 2011/0165839 Al 7/2011 Kawamura et al.
HOIP 11/00 (2006.01) 2012/0276856 A1 11/2012 Joshi et al.
HOIP 3/12 (2006.01) 2012/0287019 A1 11/2012 Sudo et al.
HO1O 21/06 (2006.01) 2012/0299783 Al 11/2012 Tee et al.
2013/0063310 Al 3/2013 Mak et al.
(52) US. Cl. 2013/0258490 Al  10/2013 Ishihara
CPC ........... HOIP 11/003 (2013.01); HOIQ 9/045 2013/0278467 Al 10/2013 Dassano et al.
(2013.01); HO1Q 21/065 (2013.01) 2014/0110841 Al 4/2014 Beer et al.
(58) Field of Classification Search 20140168014 AL 6/2014 " Chih et al
| | | 2014/0354411 Al  12/2014 Pudenz
CPC .......... HO1P 5/085; HO1P 3/12; HQIP 11/003; 2015/0249783 Al 9/2015 Watanabe of al
HO1P 11/002; HO1P 3/08; HO1P 5/107 2015/0364823 Al  12/2015 Hashimoto et al.
See application file for complete search history. 2016/0056541 Al* 2/2016 Tageman ............... HO1Q 13/18
343/771
(56) References Cited 2016/0056544 Al 2/2016 Garcia et al.
2016/0126617 Al 5/2016 Jan et al.
. 2016/0126637 Al 5/2016 Uemichi
Uos. PATENT DOCUMENTS 2016/0190696 Al 6/2016 Preradovic et al.
2665480 A 5/1977 Fassett 2016/0190697 Al 6/2016 Preradovic et al.
3.696.433 A 10/1972 Killion et al. 2016/0218420 Al 7/2016 Leung et al.
3729740 A 4/1973 Nakahara et al. 2016/0261036 Al 9/2016 5ato et al.
4,197,545 A 4/1980 Favaloro et al. 2016/0294045 AL 1072016 Shiu et al;
1939391 A 111080 Ohrs 2016/0295335 Al  10/2016 Vajha et al.
2313150 A 1/10%) Westerman 2016/0322703 Al 11/2016 Jesme et al.
45835338 A 5/1980 McKenna et al. 2017/0084971 Al* 3/2017 Kildal ................... HO1P 1/2005
4960 185 A 2/1080 Andicws o al 2017/0133756 Al* 5/2017 Eastburg .............. HO1Q 21/061
5043738 A 8/1991 Shapiro et al | 2019/0067805 Al 2/2019 Rogers et al.
218322 A 6/1993 Allison of al. 2019/0086581 Al  3/2019 Diehl et al.
5353,035 A 10/1994 Cuervo-Arango et al oAt AL N2 Rogers et al
5,421,848 A 6/1995 Maier et al. - ) 19" Rogers et al.
5473336 A 12/1995 Harman et al. 2020/0067165 Al 2/2020 Rogers
5581267 A 12/1996 Matsui of al 2020/0067201 Al 2/2020 Rogers
5,726,666 A 3/1998 Hoover et al. _ _
5,914,693 A 6/1999 Takei et al. FOREIGN PATENT DOCUMENTS
5,977,710 A 11/1999 Kuramoto et al.
5977924 A 11/1999 Takei et al. EP 2750246 Al 7/2014
5,982,256 A 11/1999 Uchimura et al EP 3012916 Al 4/2016
6,005,520 A 12/1999 Nalbandian et al. IP 2003283239 A 10/2003
6,198,453 Bl  3/2001 Chew KR 100449846 Bl 9/2004
6,252,549 Bl  6/2001 Derneryd WO 20150102938 7/2015
6,285,325 Bl 9/2001 Nalbandian et al.

6,593,887 B2 7/2003 Luk et al.
6,646,609 B2 11/2003 Yuasa et al.
6,664,931 B1 12/2003 Nguyen et al.
7,385,462 Bl 6/2008 Epp et al.
7,471,248 B2  12/2008 Popugaev et al.
7,471,258 B2 12/2008 Hsu et al.

8,197.473 B2 6/2012 Rossetto et al.
8,384,499 B2 2/2013 Suzuki et al.
8,665,142 B2 3/2014 Shyo et al.
8,860,532 B2* 10/2014 Gong ..........ceeeennnn. HO1P 1/208
333/202
9.437,184 Bl 9/2016 Swett
9.496,613 B2 11/2016 Sawa
9,979,459 B2 5/2018 Savage et al.
10,283,832 B1* 5/2019 Chayat ................... HO1Q 13/18
10,291,312 B2 5/2019 Savage et al.
10,522,916 B2 12/2019 Rogers et al.

10,777,905 B2 9/2020 Dichl et al.

2002/0047803 Al 4/2002 Ishitobi et al.
2003/0006941 Al 1/2003 Ebling et al.
2003/0043086 Al 3/2003 Schafiner et al.
2003/0103006 Al 6/2003 Yamada
2004/0104852 Al 6/2004 Choi et al.
2004/0196203 A1  10/2004 Lier et al.
2006/0001574 Al 1/2006 Petros
2006/0044188 Al 3/2006 Tsai et al.
2006/0098272 Al 5/2006 Lerner et al.
2007/0216596 Al 9/2007 Lewis et al.
2007/0279143 A1 12/2007 Itsuj
2008/0136553 Al 6/2008 Choi et al.
2008/0252544 A1  10/2008 Irion et al.
2009/0046029 Al 2/2009 Nagai
2009/0289858 A1 11/2009 Olsson
2010/0001916 Al 1/2010 Yamaguchi et al.
2010/0181379 Al 7/2010 Okegawa et al.

OTHER PUBLICATTIONS

lizuka, Hideo et al., “Millimeter-Wave Microstrip Line to Wave-

guide Transition Fabricated on a Single Layer Dielectric Substrate,”

R&D Review of Toyota CRDL, vol. 37, No. 2, Jun. 2002, pp. 13-18.

Iwasaki, H. “A circularly polarized small-size microstrip antenna
with a cross slot,” IEEE Transactions on Antennas and Propagation,

Oct.

1996.

Kaneda, Noriaki et al., “A Broad-band Microstrip-to-Waveguide
Transition Using Quasi-Yagi Antenna,” IEEE Transactions on Micro-
wave Theory and Techniques, Dec. 1999, pp. 1-4.

L1, B. et al.,, “Study on High Gain Circular Waveguide Array
Antenna with Metamaterial Structure,” Progress in Electromagnet-
ics Research (PIER), vol. 6, 2006, pp. 207-219.

Lin, Ting-Huel et al., “CPW to Waveguide Transition with Tapered
Slotline Probe,” IEEE Microwave and Wireless Components Let-
ters, vol. 11, No. 7, Jul. 2001, pp. 314-316.

Menzel, W. et al. “A microstrip patch antenna with coplanar feed
line,” IEEE Microwave and Guided Wave Letters, Nov. 1991.
Ponchak, George E et al.,, “A New Rectangular Waveguide to
Coplanar Waveguide Transition,” IEEE MTT-S International Micro-
wave Symposium, May. 1990, 4 pgs.

Rida, Amin et al., “Proximity Coupled Fed Antenna Arrays on LCP
for mm-Wave Applications,” IEEE Antennas and Propagation Soci-
ety International Symposium, Jul. 2010, 4 pgs.

Simon, W. et al., “A Novel Coplanar Transmission Line to Rect-
angular Waveguide Transition,” IEEE MTT-S Digest, Jun. 1998, pp.
257-260.
Targonski, S.D. et al.,, “Design of wideband circularly polarized
aperture-coupled microstrip antennas,” IEEE Transactions on Anten-

nas and Propagation, Feb. 1993.



US 10,938,082 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

Wang, C., et al., “A novel CP patch antenna with a single feed
structure,” IEEE Antennas and Propagation Society International
Symposium, Jul. 2000.

Wang, J., et al., “Multifunctional aperture coupled stack patch
antenna,” Electronics Letters, Dec. 1990.

Zhang, Guo-Hua, et al. “A Circular Waveguide Antenna Using
High-Impedance Ground Plane,” IEEE Antennas and Wireless
Propagation Letters, vol. 2, 2003, pp. 86-88.

Zurcher, J.F., “The SSFIP: a global concept for high-performance
broadband patch antennas,” Electronics Letters, Nov. 1988.

Abu Tarboush, H. F. et al., “Bandwidth Enhancement for Microstrip
Patch Antenna Using Stacked Patch and Slot”, 2009 IEEE Interna-
titonal Workshop on Antenna Technology, Mar. 2-4, 2009, 4 pgs.
Allen, J. W, et al., “Design and fabrication of an RF GRIN lens 3D
printing technology”, Proc. of SPIE, vol. 8624, Feb. 20, 2013, 8 pgs.
Ambresh P. A., et al., “Effect of Slots on Microstrip Patch Antenna
Characteristics”, International Conference on Computer, Commu-
nication and Electrical Technology—ICCCET2011, Mar. 18 & 19,
2011, pgs. 239-241,

Cheng, Yu Jian, et al., “W-Band Large-Scale High-Gain Planar
Integrated Antenna Array,” IEEE Transactions on Antennas and
Propagation, vol. 62, No. 6, Jun. 2014, pp. 3370-3373.

Cook, Benjamin S. et al. “Multilayer Inkjet Printing of Millimeter-
Wave Proximity-Fed Patch Arrays on Flexible Substrates”, IEEE
Antennas and Wireless Propagation Letters, vol. 12, 2013, pp.
1351-1354.

Davidowitz, Marat et al., “Rigorous Analysis of a Circular Patch
Antenna Excited by a Microstrip Transmission Line”, IEEE Trans-

actions on Antennas and Propagation, vol. 37, No. 8, Aug. 1989, pp.
949-958.

Delgado, Guillermo et al., “Scanning Properties of Teflon Lenses,”
Microwave and Optical Technology Letters, vol. 11, No. 5, Apr. 5,
1996, pp. 271-273.

European Patent Office Extended Search Report, Application No.
17175267.8-1927, dated Oct. 19, 2017.

Extended Furopean Search Report for Application No. 18189791.9
dated Feb. 18, 2019, 8 pgs.

Gauthier, Gildas P. et al., “A 94-GHz Aperture-Coupled Micromachined
Microstrip Antenna,” IEEE Transactions on Antennas and Propa-
gation, vol. 47, No. 12, Dec. 1999, pp. 1761-1766.

Iwaski, Hisao, *“A Circularly Polarized Small-Size Microstrip Antenna

with a Cross Slot”, IEEE Transactions on Antennas and Propaga-
tion, vol. 44, No. 10, Oct. 1996, pp. 1399-1401.

Jackson, D.R., Caloz, C., et al., “Leaky-wave antennas,” Proceed-
ings of the IEEE, Jul. 2012,

Jain, Sidharath, et al., “Flat-Base Broadband Multibeam Luneburg
Lens for Wide Angle Scan,” Cornell University, May 4, 2013,
arX1v.org > physics > arXiv:1305.0964.

Kim, D.H., Eom, H.J., “Radiation of a leaky coaxial cable with
narrow traverse slots,” IEEE Transactions on Antennas and Propa-
gation, Jan. 2007, pp. 107-110.

Papapolymerou, Ioannis et al., “Micromachined Patch Antennas,”

IEEE Transactions on Antennas and Propagation, vol. 46, No. 2,
Feb. 1998, pp. 275-283.
Pozar, D.M. et al., “Increasing the Bandwidth of a Microstrip

Antenna by Proximity Coupling™, Electronics Letters Apr. 9, 1987
vol. 23 No. 8, pp. 368-3609.

Pozar, D.M., “Microstrip Antenna Aperture Coupled to a Microstripline”™,
Electronics Letters Jan. 17, 1985 vol. 21 No. 2, pp. 49-50.

Pozar, David M. et al., “A Rigorous Analysis of a Microstripline Fed
Patch Antenna”, IEEE Transactions on Antennas and Propagation,

vol. AP-35, No. 12, Dec. 1987, pp. 1343-1350.
Rida, Amin et al., “Proximity Coupled Fed Antenna Arrays on LCP
with mm-Wave Applications,” IEEE 2010, 4 pgs.

Satoshi, Y., Tahara, Y., et al., “Inclined slot array antennas on a
rectangular coaxial line,” Proceedings of the 5th European Confer-
ence on Antennas and Propagation, 2011.

Schoenlinner, Bernhard, “Compact Wide Scan-Angle Antennas for
Automotive Applications and RF MEMS Switchable Frequency-

Selective Surfaces,” A dissertation submitted in partial fulfillment of
the requirements for the degree of Doctor of Philosophy, The
University of Michigan, 2004, 72 pgs.

Schoenlinner, Bernhard, “Wide-Scan Spherical-Lens Antennas for
Automotive Radars,” IEEE Transactions on Microwave theory and
Techniquest, vol. 50, No. 9, Sep. 2002, pp. 2166-2175.
Sorkherizi, Milad S. et al., “Planar High-efliciency Antenna Array
Using New Printed Ridge Gap Waveguide Technology,” IEEE
Transactions on Antennas and Propogation, vol. 65, No. 7, Jul.
2017, pp. 3772-3776.

Tribe, J. et al., “Additively manufactured hetrogencous substrates
for three-dimensional control of permittivity,” Electronics Letters,
May 8, 2014, vol. 50, No. 10, pp. 745-746.

Zhang, S. et al., “3D- printed flat lens for microwave applications,”
presented at the Antennas and Propagation Conference (LAPC2015)
Loughborough University, 4 pgs.

* cited by examiner



[ DIAd

b0l
JHNLONHLS
AHRLOFH0 ail
GNINOVE JONDIAVAA 8el
] 0L TWNOIS
HOLONANOD Al ANALN0

801
SEIE
D103
401

US 10,938,082 B2

chi
HOLONANOD d

zo, wolog o
SHIAVT

W . ! .
N i J
. * . " -3
s ’ il S g -
e oy Y IV NN aNOD3
’ o ol I n : . " i -3 :
" . " ...-.. ._.-._k._.-._n [ - ] .
R &) . . . ' b , . -
. . o T . o Pl . o X
- E - s : o . - : :
. z Iy G ) T . , .

Sheet 1 of 26

LHOIEH /7 7S 30v4uNns

cvi

..m.am.____.w_ g . ™.
g

. 180d 1S4
i

AUNOINVAA

14745

9}
HLGIM
FHOLONYLS L0310

Mar. 2, 2021
\
\
=

A% .

OVl wwnois tnaNl 073
WNOIS ALIAYD
00} \\ INding JAINO3AYM

\ [ ]

(LAMINOY,)
NOLLISNVYHL
ACINOINYM=-0 L-dIFd 1 SOEOIN
A371dN00 FHN N34y

U.S. Patent




US 10,938,082 B2

Sheet 2 of 26

Mar. 2, 2021

U.S. Patent

¢ OIA

9¢l
_ 1¥0d
il 7 (NOO3S
GNEOVE JANOIAVM

P01
FUNLONYLS
S IRERE g

< -

AV KV
JOV4HNS ONIHOVE

JAINOIAYM m 9L

== TV

007 SANOIAYMN

4Vd

v0¢
1078
YNNIINY

_ _ ._ . | S oz
" \ " Ol ALIAYD

TIVA T AN
T JOVANNS dOJ N\ 3ain93
JAINDIAVAN A8 dOL JANOIAVM

Wl e— | |

150d 1SHIA ¢ _ v_
| 9z} k __ .
HLQIM JANDIAVAM

\A FANL0NHLS Ol L1810

004
1MV




& OId

US 10,938,082 B2

$158)
. 1H0d .
| 01
ail - ANO33S VLS
GNIMOVE JANOIAVAA ww% m%mﬂw.wm
aci /
&  / Y
m 30¢ Y Y
- IOV4HAS ANIHOVE T m
- JANDIAYM _ 70¢
S 80 R — T
— JANOIAVAA
3vd
~
= v
R 10718
. YNNI LNY
= 006
ALIAYD
JANDIAVM
2% — _
180d 1814 m “m _
_A ___________________________________ o v_ | -
I oz | -y
m IANDIAVAA

\ 3ANLONALS DRILOF3I(]

U.S. Patent
=

8¢l
A 0t

S




US 10,938,082 B2

Sheet 4 of 26

Mar. 2, 2021

U.S. Patent

vy OIA

. 00V
YA
mozme A o
FUNLONMLS DRLOF (] 30y ~ ALl X
y0l \ HLIM 80y NOLLOG Af %L
JUNLONYLS doLonanoo yany)  9HAAVIAdvd
IR EREIg , ,
.m A
, A% 901 -~ 0E
Z0¥ | ¥OLONANOD HOLONGNOD Z
NOLLISOd ” HOLLOE HINN
HAUNID 1. ARttty A 2Ly
f N\ gggr Hggéé
| _
SN S B 8 3_._ s -
g - — o ..._...rﬁmn:l:m- wﬁ;qiijiﬁﬂ WE_E _ )
/ W‘ , o4 LHOIFH
_. _ i el dNHOVLS
201 8Ll m 9k “ 0}
SUIAYT - 200 N “ OVAINS dO
Ol 1310 5 *_
/ . m | ,ﬂ 311
OLb 80} gbl ik * <4 . ONDIOVE
: d3AV] | JAINOIAYM
.mmc,ﬁ OIH10F1310
INSIHAY 101 VAR .
«zﬁwmz bl 30V44NS ONIHOVE
00z v 140d 19¥14 3GINDIAVAA
Wd oy 91l
T NOILISOd 0z} VM
MILINTD) ANOQ3S ALIAYD HARDINYM
\A JAUNOIAVM \
4%
00t / .
| HNOIAY
1MNDY SAINOIAVAA




US 10,938,082 B2

Sheet 5 of 26

Mar. 2, 2021

U.S. Patent

0¥
AIAVT
1031310

NOLLOG \

701
JUNLONULS
0103131

¢Ov
NOILLISOd

St

0L,
SHIAYT -
OML091310
805 ,
SHIAY]
AASEHAY

005

801
HIAYT]
OIYL03 130
d0}

§ OIA

¢08
(,30.)
NSNS
#” ONITEN0D

e et eemeeeee e N/ #06

AR R
¥OLONaNOD SOk !
NOLLOG o0y
_ 3 S /w .

9t

it g ll-.-...T
.-_____l.l_._-_.._i_-.-.l._.l-..
.._Ill..l llllll
 tinil g .._.-._
at

_._l_lll.I-I__ll_l-_I...ll..lr

00¢
dvd

N

IMNOY

9L}

A

e ™

904 | MIAY 8cl PCl

OLINAONCO 7 1 siain33ia 3oai A X
MINN| Af

906
,/ OML0FTRIA 3D 4/ 0el
) 7

¥0c
10718
YNNIINY

oV
NOILLISOd
HIINIT ONOO3S

bEl

2%
IGINOIAVA
Qci
ALIAYD)
JOINDIAYM



9 DI

09 N
HLQIM ALIAYD - 0%

871 A

90} ” “u/ o

US 10,938,082 B2

701

cly
NOILISOd

EINER {

Nt

. - . - I 4 Hu-d.nu--.-ﬁ Crsr A .J.m-., o - e @O@ Q |
NN AN FHOISH b . (

Sheet 6 of 26

NQ —. .. ..._,w...x,.
SHAAYT Z
O L0 131(]

805, 301 o1 /e w
SHIAYT HIAY] / / _
NSIHAY  oy1031310 _

d0} | 0

_ 1078
o YNNILNY

IVd vy 0Z1

T NOILISOd ALIAYD)

43LNID ONOD3S JOINDIAVAA

Mar. 2, 2021

4%

Pel |
AGINOIAVAN

009 \A

IMNOY

U.S. Patent



L OIA

US 10,938,082 B2

008 N

| 80/
Ny 0. HIONTT .
E%_Kmo HLONST IMINOY  yo1onanoo e
HINNI 00y
b1G vos ” 906 wom _ AR ” wo_\
904 ae \ 806 % / / __ / ISVROIR SRR N [y VOl
016G SN T _ _ _
G —~ o\ oVeos ) . _ “

N K 1 e v _
" I VU W VL W W WL S o oot )
— 0

I~

w

7

vl

y—

g\

—

g

R

—

=

00L a1y _ vl 82}
¥IINTD xmwww_a 0ci y .

- ¥0c Y d .Af «\
-

&

v 49
= Z
)

-

LAMINOY



Vs ODIAH

US 10,938,082 B2

00¥ 901 .
._ . - >
) \ . .
b1 \ \ _ ,/// c05 - 904 f;/r

AllY

Sheet 8 of 26
J -
i
i
|
|
|
|

141

0L

Mar. 2, 2021

wow | me ONw

00¢ b0p

009 N

1MIADY

U.S. Patent



US 10,938,082 B2

Sheet 9 of 26

Mar. 2, 2021

U.S. Patent

48 OIAd

V0L

804
HLONTT 905

HIONST IMINOY  3o1onaNoo

H=NN|

/ e T N/

00¢ ”iﬂnﬂ.'all

_ %Mﬁ o \%\g _

IH

LI

20l a0 8 m gy - W

80l i _. b |
202 9l) BN

HIINTD 0ct
12 V74 Vd

008 P

LMINOY

L y T W e N o -— .“.u._i. —ar ..l.“.u.i. -l...l.
SN axﬁﬁwﬂﬁwtfgﬁmﬁw nenwaTse

¢8

A F e h om

vl

0L

4




U.S. Patent Mar. 2, 2021 Sheet 10 of 26 US 10,938,082 B2

ACMWT
900
508

902

114
116 118
112

202
106

-
o,
N -

404
136

,z.
[ ] . .

' ﬂmm '

FIG. 94

502

202
1
'““3“"—-%---:-...........::.‘:‘_';4,

114
504

506

RN NN NN R

902
108

VWAVEGUIDE
L ENGTH
904

_\,
v
128




390G

US 10,938,082 B2

904
&
g\ |
‘= 9¢}
& _
- 00
2
i
7 P,
OpL
_ 204 -
m 201 HLONT)
S oL INDIAVM
-
o~
>
97}
A
o

006
LMINOY

U.S. Patent
gl



US 10,938,082 B2

Sheet 12 of 26

Mar. 2, 2021

U.S. Patent

006
LMDV

906

007 -

POl

9Ll

906

|

9el

14

vEl

9C1

80¢

bii

0zl

8¢l
A 0t

LS

i

vél



US 10,938,082 B2

Sheet 13 of 26

Mar. 2, 2021

U.S. Patent

4ty
NOLLISOd
d3IN3D GNOD3S

02t
ALIAYO

ANV IAVAN

9l 1
TIWA °

001
LMINOV

1%
1304 1S4

01 DIA

¢00L
SHIGY M

007 ¥00
Jyqd  HIONIT

b e e e e i e e e e
I W
D N AN

N N S
A e el e sl s el s e s e s el oy
e e e e e e e e e e e e e e e e e e e e e e e e e e e

91l
TIVAA
IANOIAYAA

i
...*H.,_.HkH*H.,_.HkH*H.,_.HkH*H.,_.HkH*H.,_.HkHh_.H.,_.HkH#H#H&H#H#H&H#H#H&H#H#
g a
e e
L kol o
.T.T'.'..Tb.'.T.T.'.‘.:..T.T'.'..T.:.'.T.T.'.‘.:..'.:.'.'..T.:.'.T.T.:.‘b..'b.'b..'b.'b..'...‘b..'b.'b..'b.'b..'

m_”‘
1078

JOV4HNS 4O

143
JANDINYA

0EL



0011
INFLNO
Avd

US 10,938,082 B2

[l OIA

80/
HLONIT HOLONANOD

Sheet 14 of 26

TA) _
|

00,
H3IN=D

1Vd

Mar. 2, 2021

00S A

LMDV

U.S. Patent

P0G H3AYT DI410313H0 3ICCIN

9¢i
£40d

[ aNOD3S

1484
NOILLISOd
HAINZO ONO3AS

901
~ ¥OLONANOD
HINN]




US 10,938,082 B2

Sheet 15 of 26

91

Mar. 2, 2021

00%
LMDV

U.S. Patent

§TAS
HIONST

001}
SN1LNO
IVd .
0}L
HLIGIM 30

% / o5

_ . -~ 1¥0d

~ aNOD3S
(i Sl hlderbubaledusete SRR

T ; _ NOILISOd
H3INIO GNOD3S

00C1
ANCILNO
HOLONANGD
¥INN

090G d4AV1 Qidi03131d 30

706



&1 Old

804

001} HIONTT HOLONGNOD

ANFLLRO

2Vd "\ f
" |
N w ______________ _:__:__:55;;M

US 10,938,082 B2

N 9
P S 130

ONOJ3S

0y
NOILISOd
¥ILN3O ANOO3S

Sheet 16 of 26

A

001
...... EO.._.ODQZOU
HINN]

Mar. 2, 2021

HLOIM 01 _ mmwmo%wma
HOLONANOD 0%
HANNI IHL ALIAYD
40 IOV4HNS 4O}

009
MDY

U.S. Patent



U.S. Patent Mar. 2, 2021 Sheet 17 of 26 US 10,938,082 B2

~ 1400
o8 2
™~ 1402
1406
FIG. 144
— 1410
1416 1414
~ N N— j/—1412
l
(]
1418 _
FIG. 14B
— 1420
1416 1408 1414 '
1497 - | ot ,F-f-f-fézszffﬂ 1417
1402 S tzzzzzy E;_Z/f'f'f‘f‘f‘z’f'ff'f'fff‘z’f'fﬁfﬁfﬁ‘f‘f'f{'f 404
1418 1400
FlIG. 14C

1424
14&’ 1428 '/

M 1426

1432

FIG. 14D



U.S. Patent

1434
1438 ?/

"8 ' 1436
| o FFEEEETE If
/J
" FIG. I4E
— 1444
1416
o | MO e
14406 M fbﬁi&?ﬂ ]/ 1430
1417
1422
1400 7/ o Yy P P Ry P PR T T T I 1404
1418 1406
1442
_— 1448
1416
1408 | 1449 1438 1414 1420 1430
1490 \ A AT A AT AT AR /
1448 \ _________________________________________________ ,,, _____ T 14206
1499 mmmﬂwfmffffﬂfmf;mmm 14306

1412
1404

FIG. 14G

Mar. 2, 2021 Sheet 18 of 26 US 10,938,082 B2



U.S. Patent Mar. 2, 2021 Sheet 19 of 26 US 10,938,082 B2

1452
1408 1454 r/

1416
| 1440

1438 1414 1428 1430

“-“-_.-

BRI b PR s R T R R, N .

1450

1446 1426
1422% ' 1436
% e 1412

S
——

~~~~~~~~~~~~~ 1404
1418 1406 1442 1432

rlG. 14H



U.S. Patent Mar. 2, 2021 Sheet 20 of 26 US 10,938,082 B2

1500

L AMINATE A BOTTOM SURFACE OF THE 2 DIFLECTRIC LAYER ON A TOP ~ 1506
SURFACE OF THE 157 DIELECTRIC LAYER |

1508
PATTERN A 3R% CONDUCTIVE LAYER ON A PORTION OF A TOP SURFACE OF A

3R0 DIELECTRIC LAYER PRODUCING A PAE WITH ANTENNA SLOT

'.Z.Z:Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z:Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z:.:Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.Z.' . Z 1510
PATTERN A 4™ CONDUCTIVE LAYER ON A PORTION OF A TOP SURFACE OF A

4™ DIELECTRIC LAYER PRODUCING A CE

1512

§§ LAMINATE THE BOTTOM SURFACE OF THE 4™ DIELECTRIC LAYER TO B
| THE TOP SURFACE OF A 2™ DIELECTRIC LAYER :

. : 1514
| LAMINATE A BOTTOM SURFACE OF THE 3% DIELECTRIC LAYER TOA |

TOP SURFACE OF THE 4™ DIELECTRIC LAYER TO PRODUCE A
COMPOSITE LAMINATED STRUCTURE

-1516




U.S. Patent Mar. 2, 2021 Sheet 21 of 26 US 10,938,082 B2

| 1604 | 1606 |
? ; 1614 = !
K ; [J A
| |

1608 1602
1612

FiG. 168

/ 1616

1606

| I
¢ ~ .
| 1604 g
I t
; |

1608 1602
1612



U.S. Patent Mar. 2, 2021 Sheet 22 of 26 US 10,938,082 B2

1622
1606
: /
pap K 1630
1634\ .y eon 1626 1620 1614
_ < _ S £ 1632
1636 — A W
1608 1602
1618 | -
eog 1612
1638
1642 1oy
!
:< J —
1634 — % — 1630
>J / S 1632
1636 m. | AR N S . . |
1808 1602
1618
pog 1612

FIG. 16E



U.S. Patent Mar. 2, 2021 Sheet 23 of 26 US 10,938,082 B2

1644

1642
1620

1048 | 1604
154\5 \ | 28 J jm

I
ffﬂffffﬁffﬂf '

1608 /1 L 1618 1602
1624

FIG. 16F

1650

1662 1656 1000 esg

) / 1654 f/ / ’
¢ ¢ ;.: 1642
| ;

) .
1648 i 1626 1/ 1652 1 1604

1664 — | ' |

| o U

16081 o 1618 | 1602

FiG. 16G



U.S. Patent Mar. 2, 2021 Sheet 24 of 26 US 10,938,082 B2

1666

1662 1656 6 1658

'( / 1654 / ¢
¢ 5 1042
1670 . |
. 1648 ! 1626 1 1652 1604 1660
1664 \ | , g

A

1620
1668 i- 1
) e — k =
164OJL/ } *
WA A A A R . e
1608 /1 1618 | 1602
1612
1672
!
. 1654
1674 1676 f 1642
1670~ \ 1648 \ 1626 | | 1652 1604 j
|
/ |
. I N e rrar s wawys TN Y 2 ']620 161 4
1668 16




U.S. Patent Mar. 2, 2021 Sheet 25 of 26 US 10,938,082 B2
1678
1682
L :
| |
| g 1676
1674 I g 1652 ! 1642
1670 1648 ' 1680 1620, 7 1604
JE R S e = 1620
1640 o ...__!_ | e
1608 /| 1618 | 1602
1612 |
1624 1646
1683
1684 1682 -
« 3
oA ? o84 ﬁﬁ
1648 17 ; U1 1604
o | ; 1692 ' {i‘ 1042
1670 7 1680 (0% v
A B
~1- | N A A A A TS ' 1620
1668 — N /] 1614
1640 R AU

1608 1

1674 1612

1624

FIG. 16K

1618 | 1602

1640



U.S. Patent Mar. 2, 2021 Sheet 26 of 26 US 10,938,082 B2

o 1700
1702
PRINT A 157 CONDUCTIVE LAYER WITH CONDUCTIVE INK WITH A 157 WIDTH
1704
PRINT A 157 DIELECTRIC LAYER ON THE 157 CONDUCTIVE LAYER
1706
PRINT A 2M2 DIELECTRIC LAYER ON THE 157 DIELECTRIC LAYER
' 1708
PRINT A 20 CONDUCTIVE LAYER WITH CONDUCTIVE INK ON THE 2‘*@
DIELECTRIC LAYER WITH A 2N WIDTH THA
1710

PRINT A 380 DIELECTRIC LAYER ON THE 20 CONDUCTIVE LAYER AND ON THE 2N° DIELECTRIC LAYER

cigipliagly.  phpbgplgl. wheigly  pbplgly Gplhgbgh 0 o phplpigh 0 O pheplply 0 opipigly gl 0 o phplpigl. pheplply bl whpbplyt. whphply  whebgly Gpbplply, splglgl 20 phpbplyr  phpbply  Gpigigly 0 O phpbpigl. phalply chplpiply dglgigly

1714

1720

INCLUDES AN ANTENNA SLOT

1722

FIG. 17




US 10,938,082 B2

1

APERTURE-COUPLED
MICROSTRIP-TO-WAVEGUIDE
TRANSITIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s related to U.S. patent application Ser.

No. 16/111,778, entitled “CONFORMAL ANTENNA
WITH ENHANCED CIRCULAR POLARIZATION,” filed
on Aug. 24, 2018 , to mventor John E. Rogers, and U.S.
patent application Ser No. 16/111,930 , entitled “WAVE-
GUIDE-FED PLANAR ANTENNA ARRAY WITH
ENHANCED CIRCULAR POLARIZATION,” filed on
Aug. 24, 2018, to mnventor John E. Rogers, both of which
applications are incorporated by reference herein in their
entireties.

BACKGROUND
1. Field

The present disclosure 1s related to waveguide transitions,
and more specifically, to microstrip-to-waveguide transi-
tions.

2. Related Art

At present, waveguides are used 1n many RF applications
tor low-loss signal propagation; however, they are generally
not directly compatible with surface-mount device (“SMD”)
RF electronics. Known approaches are to utilize waveguide-
to-coax adapters for first transitioning from a waveguide to
the electronics-compatible coax cable and then utilizing a
coax-to-RF board adapter. Unfortunately, existing wave-
guide-to-coax adapters do not mate well with RF boards
because they are typically bulky devices that include wave-
guide tubing, flanges and a combination of a coaxial probe
assembly with coaxial adapter and connection hardware to
connect the coaxial adapter to the RF board. As such, at
present, known waveguide-to-coax adapters have size,
weight, and power (“SWaP”) characteristics and costs that
are not compatible with low-cost and conformal RF appli-
cations.

As such, there 1s a need for a new microstrip-to-wave-
guide transition that addresses one or more of these 1ssues.

SUMMARY

Disclosed 1s an aperture coupled microstrip-to-waveguide
transition (“ACMWT”). The ACMWT i1ncludes a plurality
of dielectric layers forming a dielectric structure and an
inner conductor formed within the dielectric structure. The
plurality of dielectric layers includes a top dielectric layer
that has a top surface. The ACMWT further includes a patch
antenna eclement (“PAE”) formed on the top surface, a
bottom conductor, an antenna slot within the PAE, a cou-
pling element (“CE”) formed within the dielectric structure
between the PAE and mner conductor, and a waveguide. The
waveguide includes at least one waveguide wall and a
waveguide backend, where the waveguide backend has a
waveguide backend surface that 1s a portion of the top
surface of the top dielectric layer and where the waveguide
backend surface and the at least one waveguide wall form a
waveguide cavity within the waveguide. The PAE i1s a
conductor and 1s located within the waveguide cavity at the

waveguide backend surface and the ACMWT 1s configured
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2

to support a transverse electromagnetic (“TEM™) signal
within the dielectric structure and a transverse electric
(““TE”) signal and a transverse magnetic (“ITM”) signal
within the waveguide.

Also disclosed 1s a method for fabricating the ACMWT
utilizing a lamination process. The method includes pattern-
ing a first conductive layer on a bottom surface of a first
dielectric layer to produce a bottom conductor and pattern-
ing a second conductive layer on a top surface of a second
dielectric layer to produce an inner conductor. The first
dielectric layer includes a top surface and the second dielec-
tric layer includes a bottom surface. The method then
includes laminating the bottom surface of the second dielec-
tric layer to the top surface of the first dielectric layer and
patterning a third conductive layer on a top surface of a third
dielectric layer to produce a PAE with an antenna slot. The
third dielectric layer includes a bottom surface. The method
then 1ncludes patterning a fourth conductive layer on a top
surface of a fourth dielectric layer to produce a CE, where
the fourth dielectric layer includes a bottom surface, lami-
nating the bottom surface of the fourth dielectric layer to the
top surface of the second dielectric layer to produce a second
combination, and laminating the bottom surface of the third
dielectric layer to the top surface of the fourth dielectric
layer to produce a composite laminated structure. The com-
posite laminated structure 1s a dielectric structure. The
method then includes attaching a waveguide wall to the
composite laminated structure.

Further disclosed 1s a method for fabricating the ACMWT
utilizing a three-dimensional (“3-1D”") additive printing pro-
cess. The method includes printing a first conductive layer
having a top surface and a first width. The first width has a
first center and the first conductive layer 1s a bottom layer
configured as a reference ground plane. The method then
includes printing a first dielectric layer on the top surface of
the first conductive layer, where the first dielectric layer has
a top suriace, printing a second dielectric layer on the top
surface of the first dielectric layer, where the second dielec-
tric layer has a top surface, and printing a second conductive
layer on the top surface of the second dielectric layer. The
second conductive layer has a top surface and a second
width, the second width 1s less than the first width, and the
second conductive layer 1s an inner conductor. The method
then includes printing a third dielectric layer on the top
surface of the second conductive layer and on the top surface
on the second dielectric layer, where the third dielectric layer
has a top surface, and printing a third conductive layer on the
top surface of the fourth third dielectric layer. The third
conductive layer has a top surface and a third width, the third
width 1s less than the first width, and the third conductive
layer 1s a CE. The method then includes printing a fourth
dielectric layer on the top surface of the third conductive
layer and on the top surface of the third dielectric layer,
where the fourth dielectric layer has a top surface, and
printing a fourth conductive layer on the top surface of the
tourth dielectric layer to produce a PAE with an antenna slot.
The fourth conductive layer has a fourth width, the fourth
width 1s less than the first width, and the fourth conductive
layer includes the antenna slot within the fourth conductive
layer that exposes the top surface of the fourth dielectric
layer through the fourth conductive layer. The method then
includes attaching the waveguide wall to the fourth dielec-
tric layer.

Other devices, apparatuses, systems, methods, features,
and advantages of the mvention will be or will become
apparent to one with skill in the art upon examination of the
tollowing figures and detailed description. It 1s intended that
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all such additional devices, apparatuses, systems, methods,
teatures, and advantages be included within this description,
be within the scope of the invention, and be protected by the
accompanying claims.

BRIEF DESCRIPTION OF THE FIGURES

The mvention may be better understood by referring to
the following figures. The components 1n the figures are not
necessarily to scale, emphasis instead being placed upon
illustrating the principles of the invention. In the figures, like
reference numerals designate corresponding parts through-
out the different views.

FIG. 1 1s a perspective cross-sectional view of an example
of an implementation of an aperture coupled microstrip-to-
waveguide transition (“ACMWT”) i accordance with the
present disclosure.

FIG. 2 15 a top view of the ACMWT 1n accordance with
the present disclosure.

FIG. 3 1s a top view of an example of another implemen-
tation of the ACMWT in accordance with the present
disclosure.

FIG. 4 1s a cross-sectional front-view of an example of an
implementation of the ACMWT (shown m FIG. 1)
accordance with the present disclosure.

FIG. 5 1s a cross-sectional front-view of an example of
another implementation of the ACMWT (shown in FIG. 1)
in accordance with the present disclosure.

FIG. 6 1s a cross-sectional front-view of an example of yet
another implementation of the ACMWT (shown in FIG. 1)
in accordance with the present disclosure.

FIG. 7 1s a cross-sectional side-view of the ACMWT,
shown 1n FIG. 5, 1n accordance with the present disclosure.

FIG. 8A 1s a cross-sectional front-view of an example of
still another implementation of the ACMWT 1n accordance
with the present disclosure.

FIG. 8B 1s a cross-sectional side-view of the ACMWT,

shown 1n FIG. 8 A, 1n accordance with the present disclosure.
FIG. 9A 1s a cross-sectional front-view of an example of
yet another implementation of the ACMWT 1n accordance

with the present disclosure.

FIG. 9B 1s a cross-sectional side-view of the ACMWT,
shown 1n FIG. 9A, 1n accordance with the present disclosure.

FI1G. 9C 1s a top view of the ACMWT, shown 1n FIGS. 9A
and 9B, in accordance with the present disclosure.

FIG. 10 1s a zoomed-1n view of the PAE and antenna slot
within the ACMWT, shown 1in FIG. 1, in accordance with the
present disclosure.

FIG. 11 1s a cross-sectional view along a cutting plane
showing an inner conductor running along the ACMWT
length 1n accordance with the present disclosure.

FIG. 12 1s a cross-sectional view along a cutting plane
showing a CE 1n accordance with the present disclosure.

FIG. 13 1s a cross-sectional view along a cutting plane
showing an example of an implementation of the single
cavity 1n accordance with the present disclosure.

FIG. 14 A 1s a cross-sectional view of a first section of the
ACMWT 1n accordance with the present disclosure.

FIG. 14B 1s a cross-sectional view of a second section of
the ACMWT 1n accordance with the present disclosure.

FIG. 14C 1s a cross-sectional view of a first combination
of the first section and the second section of the ACMWT 1n
accordance with the present disclosure.

FI1G. 14D 1s a cross-sectional view of a third section of the
ACMWT 1n accordance with the present disclosure.
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FIG. 14E 1s a cross-sectional view of a fourth section of
the ACMWT 1s shown in accordance with the present

disclosure.

FIG. 14F 1s a cross-sectional view of a second combina-
tion of the first combination and the fourth section of the
ACMWT 1n accordance with the present disclosure.

FIG. 14G 1s a cross-sectional view of a composite lami-
nated structure that includes the second combination and the
third section of the ACMWT 1n accordance with the present
disclosure.

FIG. 14H 1s a cross-sectional view of a combined struc-
ture of the ACMWT 1n accordance with the present disclo-
sure.

FIG. 15 1s a flowchart of an example implementation of
a method for fabricating the ACMWT utilizing a lamination
process 1n accordance with the present disclosure.

FIG. 16A 1s a cross-sectional view of first section of the
ACMWT 1n accordance with the present disclosure.

FIG. 16B 1s a cross-sectional view of a first combination
of the first section with a printed first dielectric layer 1n
accordance with the present disclosure.

FIG. 16C 1s a cross-sectional view of a second combina-
tion of the first combination with a printed second dielectric
layer 1n accordance with the present disclosure.

FIG. 16D 1s a cross-sectional view of a third combination
of the second combination with a printed second conductive
layer 1n accordance with the present disclosure.

FIG. 16E 1s a cross-sectional view of a fourth combination
of the third combination with a printed third dielectric layer
in accordance with the present disclosure.

FIG. 16F 1s a cross-sectional view of a fifth combination
in accordance with the present disclosure.

FIG. 16G 1s a cross-sectional view of a sixth combination
in accordance with the present disclosure.

FIG. 16H 1s a cross-sectional view of a seventh combi-
nation of the sixth combination with a printed fifth dielectric
layer 1n accordance with the present disclosure.

FIG. 161 1s a cross-sectional view of an eighth combina-
tion of the seventh combination with a printed sixth dielec-
tric layer 1 accordance with the present disclosure.

FIG. 161 1s a cross-sectional view of a composite printed
structure of the seventh combination with a printed fourth
conductive layer 1n accordance with the present disclosure.

FIG. 16K 1s a cross-sectional view of a combined printed
structure of the ACMWT 1n accordance with the present
disclosure.

FIG. 17 1s a flowchart of an example implementation of
a method for fabricating the ACMW'T utilizing a three-
dimensional (*“3-D”") additive printing process 1n accordance
with the present disclosure.

DETAILED DESCRIPTION

An aperture coupled microstrip-to-waveguide transition
(“ACMWT”) 1s disclosed. The ACMWT includes a plurality
of dielectric layers forming a dielectric structure and an
inner conductor formed within the dielectric structure. The
plurality of dielectric layers includes a top dielectric layer
that has a top surface. The ACMWT further includes a patch
antenna element (“PAE”) formed on the top surface, a
bottom conductor, an antenna slot within the PAE, a cou-
pling element (“CE”) formed within the dielectric structure
between the PAE and mner conductor, and a waveguide. The
waveguide includes at least one waveguide wall and a
waveguide backend, where the waveguide backend has a
waveguide backend surface that 1s a portion of the top
surface of the top dielectric layer and where the waveguide
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backend surface and the at least one waveguide wall form a
waveguide cavity within the waveguide. The PAE 1s a
conductor and 1s located within the waveguide cavity at the
waveguide backend surface and the ACMWT 1s configured
to support a transverse eclectromagnetic (“TEM”) signal
within the dielectric structure and a transverse electric
(“TE”) signal and a transverse magnetic (““ITM”) signal
within the waveguide.

Also disclosed 1s a method for fabricating the ACMWT
utilizing a lamination process. The method includes pattern-
ing a first conductive layer on a bottom surface of a first
dielectric layer to produce a bottom conductor and pattern-
ing a second conductive layer on a top surface of a second
dielectric layer to produce an inner conductor. The first
dielectric layer includes a top surface and the second dielec-
tric layer includes a bottom surface. The method then
includes laminating the bottom surface of the second dielec-
tric layer to the top surface of the first dielectric layer and
patterning a third conductive layer on a top surface of a third
dielectric layer to produce a PAE with an antenna slot. The
third dielectric layer includes a bottom surface. The method
then includes patterning a fourth conductive layer on a top
surface of a fourth dielectric layer to produce a CE, where
the fourth dielectric layer includes a bottom surface, lami-
nating the bottom surface of the fourth dielectric layer to the
top surface of the second dielectric layer to produce a second
combination, and laminating the bottom surface of the third
dielectric layer to the top surface of the fourth dielectric
layer to produce a composite laminated structure. The com-
posite laminated structure 1s a dielectric structure. The
method then includes attaching a waveguide wall to the
composite laminated structure.

Further disclosed 1s a method for fabricating the ACMWT
utilizing a three-dimensional (*“3-DD”") additive printing pro-
cess. The method includes printing a first conductive layer
having a top surface and a first width. The first width has a
first center and the first conductive layer 1s a bottom layer
configured as a reference ground plane. The method then
includes printing a first dielectric layer on the top surface of
the first conductive layer, where the first dielectric layer has
a top surface, printing a second dielectric layer on the top
surface of the first dielectric layer, where the second dielec-
tric layer has a top surface, and printing a second conductive
layer on the top surface of the second dielectric layer. The
second conductive layer has a top surface and a second
width, the second width 1s less than the first width, and the
second conductive layer 1s an inner conductor. The method
then includes printing a third dielectric layer on the top
surface of the second conductive layer and on the top surface
on the second dielectric layer, where the third dielectric layer
has a top surface, and printing a third conductive layer on the
top surface of the fourth third dielectric layer. The third
conductive layer has a top surface and a third width, the third
width 1s less than the first width, and the third conductive
layer 1s a CE. The method then includes printing a fourth
dielectric layer on the top surface of the third conductive
layer and on the top surface of the third dielectric layer,
where the fourth dielectric layer has a top surface, and
printing a fourth conductive layer on the top surface of the
tourth dielectric layer to produce a PAE with an antenna slot.
The fourth conductive layer has a fourth width, the fourth
width 1s less than the first width, and the fourth conductive
layer includes the antenna slot within the fourth conductive
layer that exposes the top surface of the fourth dielectric
layer through the fourth conductive layer. The method then
includes attaching the waveguide wall to the fourth dielec-
tric layer.
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More specifically, in FIG. 1, a perspective cross-sectional
view ol an example of an implementation of the ACMWT
100 1s shown 1n accordance with the present disclosure. The
ACMWT 100 includes a plurality of dielectric layers 102
forming a dielectric structure 104 and an inner conductor
106 formed within the dielectric structure 104. The plurality
of dielectric layers 102 includes a top dielectric layer 108
that has a top surface 110. The ACMWT 100 further includes
a PAE (not shown) formed on the top surface 110, a bottom
conductor 112, an antenna slot (not shown) within the PAFE,
an optional CE (not shown) formed within the dielectric
structure 104, and a waveguide 114. The waveguide 114
includes at least one waveguide wall 116 and a waveguide
backend 118, where the waveguide backend 118 has a
waveguide backend surface (not shown) that 1s a portion of
the top surface 110 of the top dielectric layer 108 and where
the waveguide backend surface and the at least one wave-
guide wall 116 form a waveguide cavity 120 within the
waveguide 114. The PAE 1s a conductor and i1s located
within the waveguide cavity 120 at the waveguide backend
surface and the ACMWT 100 i1s configured to support an
input TEM signal 122 within the dielectric structure 104.

In this example, the mner conductor 106 extends along a
length of the along an X-axis 124 to a position located below
the PAE within the waveguide 114. The dielectric structure
104 has a dielectric structure width 126 along a Y-axis 128
and the waveguide 114 extends outward from the waveguide
backend 118 at the top surface 110 of the top dielectric layer
108 1n direction along a Z-axis 130.

Furthermore, 1n this example, the ACMWT 100 may also
include CE (not shown), at least one cavity (not shown), or
both. The mner conductor 106, CE, and the optional at least
one cavity are formed within the dielectric structure 104, the
PAE 1s formed on the wavegumide backend surface, and the
antenna slot 1s formed within the PAE. Moreover, the bottom
conductor 112 i1s a conductor and 1s located below the
dielectric structure 104 and the PAE 1s also a conductor. The
antenna slot 204 1s angled cut along the PAE and 1s angled
with respect to the inner conductor 106. The antenna slot
allows the top surface 110 to be exposed through the PAE.
As such, the waveguide 114 1s 1n signal communication with
the 1nner conductor 106.

The inner conductor 106 1s either a radio frequency
(“RF”’) microstrip or stripline and the inner conductor 106,
bottom conductor 112, PAE, CE, and at least one waveguide
wall 116 may be metal conductors. The bottom conductor
112 acts as a lower reference ground plane that may be, for
example, constructed of electroplated copper, while the
inner conductor 106, PAE, and optional CE may also be
constructed of electroplated copper or printed silver ink.
Additionally, the at least one waveguide wall 116 may be
constructed of aluminum.

In an example of operation, the ACMWT 100 1s config-
ured to receive an input signal 132 that 1s transmitted
through the waveguide 114 along the negative direction of
the Z-axis 130 and, 1n response, produce the mput TEM
signal 122 that 1s transmitted along the 1nner conductor 106
along the negative direction of the X-axis 124. Specifically,
the input signal 132 propagates along a length of the
waveguide 114 towards the waveguide backend surface (that
1s part ol the top surface 110) where the combined PAE and
angled antenna slot (herein antenna slot) are located. Once
the input signal 132 reaches the combined PAE and antenna
slot, electromagnetic coupling occurs between the combi-
nation of the PAE with the antenna slot, optional CE, and the
inner conductor 106 to produce the Input TEM signal 122
that 1s propagated along the inner conductor 106.
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In this example, 1t 1s appreciated by those of ordinary skaill
in the art that the electromagnetic characteristics of the input
TEM signal 122 are determined by the geometry (or shape),
dimensions (e.g., radius, thickness), and position of the PAE
along the top surface 110, the geometry and dimensions
(e.g., slot length and slot Width) of the antenna slot within
the PAE, the position of mner conductor 1n relation to the
position of the PAE, the geometry and dimensions (e.g.,
length and width) of the CE, and the position of the optional
CE with regards to the position of the PAE and the position
of the mner conductor 106.

It 1s also appreciated by those of ordinary skill i the art
that the ACMWT 100 1s a reciprocal device because 1t 1s a
passive device that only contains 1sotropic materials. In this
example, the ACMWT 100 includes a first port 134 at an
opening of the waveguide cavity 120 that allows TE signals
and TM signals to propagate along the waveguide. The
ACMWT 100 further includes a second port 136 within the
dielectric structure 104 that allows TEM signals to propa-
gate between the mner conductor 106 and bottom conductor
112. As such, the transmission of a signal between the two
ports 134 and 136 does not depend on the direction of
propagation of the signal. Specifically, as described earlier,
an input signal 132 injected into the first port 134 at the
waveguide 114 produces the mput TEM signal 122 at the
second port 136. Similarly, an output TEM signal 138
injected into the second port 136 produces the output signal
140 at the first port 134.

In this example, the inner conductor 106 1s located within
or on a middle dielectric layer (not shown) and the optional
CE 1s located between the mnner conductor 106 and the
combination of the PAE with the antenna slot within a
dielectric layer below the top dielectric layer 108 and above
the middle dielectric layer. Based on the fabrication method
utilized 1n producing the ACMWT 100, 1t will be shown in
this disclosure that the middle dielectric layer may be a
dielectric layer from the plurality of dielectric layers 102 or
a dielectric layer formed from an adhesive layer of the
plurality of adhesive layers, or combination of both.

In this example, a first cutting plane A-A' 142 and a
second cutting plane B-B' 144 are shown looking into the
ACMWT 100 at different angles. The first cutting plane A-A'
142 cuts through the dielectric structure 104 at a location
approximately equal to half of a stack-up height 146 (i.e., at
approximately the location of the iner conductor 106) and
looking into a direction along the X-axis 124. The second
cutting plane B-B' 144 cuts through the dielectric structure
104 at an approximate half-point of the location of the
waveguide 114 along the top surface 110 of the top dielectric
layer 108 and looking into a negative direction along the
Z-axis 130.

It 1s appreciated by those of ordinary skill in the art that
the circuits, components, modules, and/or devices of, or
associated with, the ACMWT 100 are described as being 1n
signal communication with each other, where signal com-
munication refers to any type ol communication and/or
connection between the circuits, components, modules, and/
or devices that allows a circuit, component, module, and/or
device to pass and/or receive signals and/or information
from another circuit, component, module, and/or device.
The communication and/or connection may be along any
signal path between the circuits, components, modules,
and/or devices that allows signals and/or information to pass
from one circuit, component, module, and/or device to
another and includes wireless or wired signal paths. The
signal paths may be physical, such as, for example, conduc-
tive wires, electromagnetic wave guides, cables, attached
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and/or electromagnetic or mechanically coupled terminals,
semi-conductive or dielectric materials or devices, or other
similar physical connections or couplings. Additionally,
signal paths may be non-physical such as free-space (in the
case of electromagnetic propagation) or iformation paths
through digital components where communication informa-
tion 1s passed Irom one circuit, component, module, and/or
device to another 1n varying digital formats without passing
through a direct electromagnetic connection.

In this example, the dielectric structure 104 may be
constructed utilizing a lamination process in accordance
with the present disclosure. This lamination process includes
utilizing a plurality of adhesive films (also referred to as
adhesive film layers or adhesive layers), or other similar type
of dielectric adhesive material, to bond the dielectric layers
102 together to form the dielectric structure 104 with a
lamination process that will be described later within this
disclosure.

In this example, each dielectric layer, of the plurality of
dielectric layers 102, may be an RF dielectric material and
the 1nner conductor 106 may be a RF microstrip conductor
or stripline conductor. Furthermore, 1n this example, 11 the
optional CE 1s present, the plurality of dielectric layers 102
may include four (4) dielectric layers and the plurality of
adhesive layers may include three (3) adhesive layers;
however, this may vary based on the design of the ACMWT
100. It 1s appreciated that in this example, each of the three
adhesive layers act as a dielectric with different dielectric
properties than the other dielectric layers in plurality of
dielectric layers 102.

The CE may be a conductive element such as a notch that
extends outward from the inner conductor 106. The 1nner
conductor 106 may be located at a predetermined center
position within the dielectric structure 104. In this example,
the center position 1s equal to approximately half of the
stack-up height 146 along the Z-axis 130. Moreover, the
inner conductor 106 may also have an inner conductor
center that 1s located at a second position within the dielec-
tric structure 104 that 1s approximately at a second center
position that 1s equal to approximately half of the dielectric
structure width 126. Furthermore, as will be shown later
within this disclosure, the CE may be an approximately
rectangular like conductive strip that i1s located below a
combination of the PAE and slot antenna and top dielectric
layer 108, and above the inner conductor 106. The length of
the CE may extend outward from a width of the inner
conductor 106 at a predetermined angle. As an example, the
dielectric laminate material may be constructed of Pyralux®
flexible circuit materials produced by E. I. du Pont de
Nemours and Company of Wilmington, Del.

Alternatively, the dielectric structure 104 may be con-
structed utilizing a three-dimensional (*3-D”) additive print-
ing process. In this example, each dielectric layer (of the
dielectric structure 104) may be constructed by printing (or
“patterning’), which includes successively printing dielec-
tric layers with dielectric ink and printing conductive layers
with conductive ink. In these examples, each dielectric layer
(of the dielectric structure 104) may have a thickness that 1s
approximately equal 10 mils. The bottom conductor 112,
inner conductor 106, optional CE, and PAE may have a
thickness that 1s, for example, approximately equal to 0.7
mils (1.e., about 18 micrometers). For purposes of illustra-

tion, in this example, the dielectric structure 104 may
include four (4) dielectric layers; again, this may vary based

on the design of the ACMWT 100. In this example, there
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would not be any adhesive layers present since this process
utilizes 3-D printing instead of lamination for producing the
dielectric structure.

While not shown, based on the design of the ACMWT
100, an optional ngid surface layer may be placed on the top
surface 110 that covers the top dielectric layer 108 and 1s
physically attached to the waveguide 114 at or near the
waveguide backend 118. If present, the optional rigid sur-
tace layer adds physical strength and rigidity to the wave-
guide 114 allowing 1t to interface with an external wave-
guide (not shown) without causing physical damage to the
ACMWT 100. As an example, the optional rigid surface
layer may be thick enough to incorporate the waveguide 114
within the optional rigid surface layer and may include
screw holes around an opening of waveguide cavity 120 to
attach the waveguide 114 and optional rigid surface layer to
a flange of an external waveguide (not shown). Based on the
design of the optional rigid surface layer, the optional rigid
surface layer may be constructed of metal, plastics, or other
rigid materials.

In FIG. 2, a top view of the ACMWT 100 1s shown in
accordance with the present disclosure. In this view, the PAE
200 1s shown located on the waveguide backend surtace 202
within the waveguide cavity 120 of the waveguide 114. As
discussed earlier, the waveguide backend surface 202 1s part
of the top surface 110 that 1s located within the waveguide
cavity 120. The antenna slot 204 1s shown cut along and
through the PAE 200. In this example, the waveguide 114 1s
shown to be a rectangular waveguide having a waveguide
width 206 and waveguide height 208 that 1s based on the
design of the ACMWT 100.

In FIG. 3, a top view of an example of another imple-
mentation of the ACMWT 300 1s shown in accordance with
the present disclosure. This example, the ACMWT 300 has
an elliptical waveguide 302 instead of a rectangular wave-
guide 114. The elliptical waveguide 302 only has a single
waveguide wall 304 that defines the waveguide cavity 306,
which defines the waveguide backend surface 308 along the
top surface 110 of the top dielectric layer 108. The combi-
nation of the PAE 200 and antenna slot 204 are still located
on the waveguide backend surface 308 within the waveguide
cavity 306 at the waveguide backend 118 of the waveguide
302 on the top surface 110 of the top dielectric layer 108.
The elliptical waveguide 302 may be a circular waveguide
has a radius 309 that i1s based on the design of the ACMWT
300.

It 1s appreciated by those of ordinary skill in the art that
the waveguide (either rectangular waveguide 114 or ellipti-
cal waveguide 302) 1s a hollow metallic waveguide filled
with a homogeneous and 1sotropic maternial (usually air). As
a result, the waveguide will support TE modes and TM
modes of operation, but not a TEM mode as supported by the
combination of the dielectric structure 104, inner conductor
106, and bottom conductor 112 that forms a microstrip
signal path that 1s an electrical transmission line having a
conductive strip (1.e., inner conductor 106) separated from a
reference ground plane (i.e., bottom conductor 112) by a
dielectric layer (1.e., at least a bottom dielectric layer)
generally known as a substrate.

In FIG. 4, a cross-sectional front-view of the ACMWT
100 1s shown 1n accordance with the present disclosure. In
this view, the dielectric structure 104, plurality of dielectric
layers 102, top dielectric layer 108, bottom dielectric layer
400, stack-up height 146, inner conductor 106, top suriace
110, bottom conductor 112, waveguide 114, waveguide wall
116, waveguide cavity 120, waveguide backend 118, wave-
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are shown. In this example, each of the dielectric layers of
the plurality of dielectric layers 102 are RF dielectrics.

In this example, the ACMWT 100 1s shown to have a
center position 402 that may be located at approximately
half of the stack-up height 146 and a second center position
404 that 1s located at approximately half of the dielectric
structure width 126. It 1s appreciated by those of ordinary
skill 1n the art that while only two (2) dielectric layers are
shown 1n the plurality of dielectric layers 102, any number
greater than two may be utilized for the number of dielectric
layers of the plurality of dielectric layers 102. The inner
conductor 106 1s also shown to have an inner conductor
width 406 that 1s approximately centered about the second
center position 404. The PAE 200 has a PAE diameter 408
that 1s wider than the imnner conductor width 406.

In this example, the inner conductor 106 i1s an RF
microstrip or stripline located below the PAE 200 with the
antenna slot 204 acting as an aperture coupled antenna feed
configured to couple energy to the PAE 200. In general, the
inner conductor width 406 and 1ts respective position below
(1.e., the center position 402) the PAE 200 1s predetermined
by the design of the ACMWT 100 to approximately match
the impedance between the inner conductor 106 and the PAE
200 with the antenna slot 204.

As such, while the center position 402 1s shown i FIG.
4 to be approximately in the center of the stack-up height
146, 1t 1s appreciated by those of ordinary skill in the art that
this 1s an approximation that may vary because the actual
center position 402 may be predetermined from the design
of the ACMWT 100. However, for purposes of illustration,
the predetermined position 1s assumed to be generally close
to the center position 402 of the stack-up height 146 but 1t
1s appreciated that this may vary based on the actual design
of the ACMWT 100. Additionally, while not shown 1n this
view, the antenna slot 204 within the PAE 200 increases the
bandwidth of the PAE 200 and also has a predetermined
angle along the PAE 200 with respect to the inner conductor
106 to provide circular polarization from the PAE 200 and
a predetermined slot width to match the impedance between
the mner conductor 106 and the PAE 200. In general, the
bandwidth of the PAE 200 1s enhanced by utilizing the
aperture coupled feed line from the inner conductor 106
through antenna slot 200 as compared to coupling the inner
conductor 106 to the PAE 200 without the presence of the
antenna slot 204.

In this example, the top dielectric layer 108 and bottom
dielectric layer 400 are laminated together with an adhesive
layer 410 that may be an adhesive film, or other similar type
of dielectric adhesive material, to bond the top dielectric
layer 108 and bottom dielectric layer 400 together to form
the dielectric structure 104 with a lamination process that
will be described later within this disclosure. It 1s appreci-
ated that 1n this example, that the adhesive layer 410 acts as
a dielectric with different dielectric properties than the other
dielectric layers 1n plurality of dielectric layers 102 (1.e., top
dielectric layer 108 and bottom dielectric layer 400).

Alternatively, the dielectric structure 104 may be con-
structed utilizing a 3-D additive printing process. In this
example, each dielectric layer (e.g., top dielectric layer 108
and bottom dielectric layer 400 of the dielectric structure
104) may be constructed by printing (or “patterning’),
which includes successively printing dielectric layers with
dielectric ink and printing conductive layers with conductive
ink. In these examples, each dielectric layer (of the dielectric
structure 104) may have a thickness that 1s approximately
equal 10 mils. The bottom conductor 112, mnner conductor

106, and PAE 200 may have a thickness that is, for example,
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approximately equal to 0.7 mils (1.e., about 18 micrometers).
In this example, there would not be any adhesive layers (e.g.,
adhesive layer 410) present since this process utilizes 3-D
printing instead of lamination for producing the dielectric
structure 104.

In this example, a third cutting plane C-C' 412 1s shown
cutting through dielectric structure 104 at the mner conduc-
tor 106 and looking into the ACMWT 100. In this view, the
antenna slot 204 1s only partially visible because 1t 1s located
within the PAE 200 that 1s therefore partially blocked by
other parts of the PAE 200 shown 1n this view.

As discussed earlier, 1n an example of operation, in one
direction, the input signal 132 travels through the waveguide
114 1n a direction along the negative Z-axis 130 until it
reaches the combination of the PAE 200 and antenna slot
204 on the waveguide backend surtace 202 at the waveguide
backend 118. Once the mput signal 132 reaches the combi-
nation of the PAE 200 and antenna slot 204, the resulting
clectromagnetic field at the combination of the PAE 200 and
antenna slot 204 couples to the inner conductor 106 pro-
ducing the input TEM signal 122 that travels along the inner
conductor 106 and bottom conductor 112 1n a direction
along the negative X-axis 124. In the other direction, the
ACMWT 100 1s also configured to receive the output TEM
signal 138, at the second port 136, that 1s transmitted by the
combination of the imnner conductor 106 and bottom con-
ductor 112 along the direction of the X-axis 124 and, in
response, produces the output signal 140 that 1s transmitted
along the waveguide 114, at the first port 134, along the
direction of the Z-axis 130. In this example, it 1s appreciated
that the waveguide shown in FIG. 4 may be either the
rectangular waveguide 114 or the elliptical waveguide 302.

As discussed earlier, the ACMWT 100 may include an
optional ngid surface layer that 1s located on top of the top
surface 110 that covers the top dielectric layer 108 and 1s
physically attached to the waveguide 114 at or near the
waveguide backend 118. The optional rigid surface layer
adds physical strength and rigidity to the waveguide 114 and
allows 1t to interface with an external wavegude (not
shown) without causing physically damage to the ACMWT
100. The optional rigid surface layer may have a thickness
that 1s approximately equal to the height of the waveguide
114 so as to incorporate the waveguide 114 within the
optional ngid surface layer and may include screw holes
(not shown) around an opening of waveguide cavity 120 to
attach the waveguide 114 and optional rigid surface layer to
a flange of an external waveguide (not shown). Again, based
on the design of the optional rigid surface layer, the optional
rigid surface layer may be constructed of metal, plastics, or
other rigid materials.

In FIG. 5, a cross-sectional front-view of an example of
another implementation of the ACMWT 3500 1s shown 1n
accordance with the present disclosure. In this example, the
ACMWT 500 includes a CE 502. The mnner conductor 106
1s located within or on a middle dielectric layer 504 and the
CE 502 1s located between the inner conductor 106 and the
combination of the PAE 200 with the antenna slot 204 within
or on a CE dielectric layer 506 below the top dielectric layer
108 and above the middle dielectric layer 504. Based on the
tabrication method utilized in producing the ACMWT 500,
the middle dielectric layer 504 may be a dielectric layer from
the plurality of dielectric layers 102 or a dielectric layer
formed from an adhesive layer of a plurality of adhesive
layers 508, or a combination of both. Specifically, in the
example shown 1n FIG. 5, the inner conductor 106 1s shown
as being located with an adhesive layer 510 (of the plurality
of adhesive layers 508) on top of a dielectric layer 512. The
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dielectric layer 512 1s on top of the combination of the
bottom dielectric layer 400 and another adhesive layer 514
from the plurality of adhesive layers 508. In this example,
assuming that the mner conductor 106 1s exclusively located
within the adhesive layer 510 and on top of the dielectric
layer 512, the middle dielectric layer 504 would correspond
to the adhesive layer 510. If, instead, the inner conductor
106 were exclusively located within the dielectric layer 512,
the middle dielectric layer 504 would correspond to the
dielectric layer 512. Alternatively, 11 the inner conductor 106
were located partially with the adhesive layer 510 and the
dielectric layer 512, the middle dielectric layer 504 would
correspond to a combination of the adhesive layer 510 and
dielectric layer 512.

Similarly, based on the fabrication method utilized in
producing the ACMWT 3500, the CE dielectric layer 506
may be a dielectric layer from the plurality of dielectric
layers 102 or a dielectric layer formed from an adhesive

layer of a plurality of adhesive layers 508, or a combination
of both. Specifically, 1n the example shown 1n FIG. §, the CE
502 1s shown as being located with an adhesive layer 316 (of
the plurality of adhesive layers 508) on top of a dielectric
layer 518. The dielectric layer 518 1s on top of the combi-
nation of the dielectric layer 512 and adhesive layer 510. In
this example, assuming that the CE 3502 1s exclusively
located within the adhesive layer 516 and on top of the
dielectric layer 518, the CE dielectric layer 506 would
correspond to the adhesive layer 516. 11, instead, the CE 502
were exclusively located within the dielectric layer 518, the
CE dielectric layer 506 would correspond to the dielectric
layer 518. Alternatively, 1f the CE 502 were located partially
with the adhesive layer 516 and the dielectric layer 518, the
CE dielectric layer 506 would correspond to a combination
of the adhesive layer 516 and dielectric layer 518.

As discussed earlier, 1n this example, each dielectric layer,
of the plurality of dielectric layers 102, may be an RF
dielectric material and the inner conductor 106 may be a RF
microstrip conductor or stripline conductor. Unlike the pre-
vious example, i this example, the plurality of dielectric
layers 102 may include four (4) dielectric layers and the
plurality of adhesive layers 508 may include three (3)
adhesive layers; however, this may vary based on the design
of the ACMWT 500. It 1s appreciated that 1n this example,
cach of the three adhesive layers 508 act as a dielectric with
different dielectric properties than the other dielectric layers
in plurality of dielectric layers 102.

The CE 502 may be a conductive element such as a notch
that extends outward from the inner conductor 106. The
inner conductor 106 may be located at a predetermined
center position within the dielectric structure 104 (e.g., at the
center position 402 and second center position 404). Again,
in this example, the center position 402 1s equal to approxi-
mately half of a stack-up height 146 along a Z-axis 130.
Moreover, the inner conductor 106 may also have an inner
conductor center that 1s located at a second position within
the dielectric structure 104 that 1s approximately at a second
center position 404 that 1s equal to approximately half of a
dielectric structure width 126 of the dielectric structure 104
along a Y-axis 128. Furthermore, the CE 502 may be an
approximately rectangular like conductive strip that 1is
located below the combination of the PAE 200 and antenna
slot 204 and top dielectric layer 108, and above the inner
conductor 106 1n or on the CE dielectric layer 506. The CE
502 has a CE length 520 that may extend outward from the
inner conductor width 406 at a predetermined angle. In this
example, a fourth cutting plane D-D' 522 1s shown cutting
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through the dielectric structure 104 at the location of the C.
502 and looking into the ACMWT 500.

As discussed earlier, 1n an example of operation, in one
direction, the input signal 132 travels through the waveguide
114 1n a direction along the negative Z-axis 130 unftil it
reaches the combination of the PAE 200 and antenna slot
204 on the waveguide backend surface 202 at the waveguide
backend 118. Once the mput signal 132 reaches the combi-
nation of the PAE 200 and antenna slot 204, the resulting
clectromagnetic field at the combination of the PAE 200 and
antenna slot 204 couples between the PAE 200, CE 502, and
the mner conductor 106 producmg the input TEM mgnal 122
that travels between the nner conductor 106 and bottom
conductor 112 1n a direction along the negative X-axis 124.
In the other direction, the ACMWT 500 1s also configured to
receive the output TEM signal 138, at the second port 136,
that 1s 1njected between the inner conductor 106 and bottom
conductor 112 along the direction of the X-axis 124 and, 1n
response, produces the output signal 140 that 1s transmitted
along the waveguide 114, at the first port 134, along the
direction of the Z-axis 130. In this example, it 1s appreciated
that the waveguide shown 1n FIG. 5 may be also either the
rectangular waveguide 114 or the elliptical waveguide 302.
It 1s appreciated by those of ordinary skill 1n the art that the
clectromagnetic characteristics of the mput TEM signal 122
are determined by the geometry (or shape), dimensions (e.g.,
radius, thickness), and position of the PAE 200 along the top
surface 110, the geometry and dimensions (e.g., slot length
and slot width) of the antenna slot 204 within the PAE 200,
and the position, geometry and dimensions (e.g., length and
width) of the CE 502 within the dielectric structure 104.

Again, 1n this example, the mner conductor 106 1s shown
to be located within a middle dielectric layer 504 and the CE
502 1s located between the mnner conductor 106 and the
combination of the PAE 200 with the antenna slot 204 within
or on the CE dielectric layer 506 below the top dielectric
layer 108 and above the middle dielectric layer 504. Based
on the fabrication method utilized 1n producing the ACMWT
500, the middle dielectric layer 504 may be a dielectric layer
from the plurality of dielectric layers 102 or a dielectric layer
formed from an adhesive layer of the plurality of adhesive
layers 508, or combination of both.

The addition of the CE 502 1n the ACMW'T 500 decreases
the axial ratio and increases the circular polarization band-
width without increasing the size of an antenna array uti-
lizing the ACMWT 500.

As discussed earlier, the ACMWT 3500 may include an
optional ngid surface layer that 1s located on top of the top
surface 110 that covers the top dielectric layer 108 and 1s
physically attached to the waveguide 114 at or near the
waveguide backend 118. The optional rigid surface layer
adds physical strength and rigidity to the waveguide 114 and
allows 1t to interface with an external wavegude (not
shown) without causing physical damage to the ACMWT
500. The optional ngid surface layer may have a thickness
that 1s approximately equal to the height of the waveguide
114 so as to incorporate the waveguide 114 within the
optional ngid surface layer and may include screw holes
(not shown) around an opening of waveguide cavity 120 to
attach the waveguide 114 and optional rigid surface layer to
a flange of an external waveguide (not shown). Again, based
on the design of the optional rigid surface layer, the optional
rigid surface layer may be constructed of metal, plastics, or
other rigid materials.

Turning to FIG. 6, a cross-sectional front-view of an
example of yet another implementation of the ACMWT 600
1s shown 1n accordance with the present disclosure. Similar
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to the example described 1n relation to FIG. 5, 1n this view,
the dielectric structure 104, plurality of dielectric layers 102,
top dielectric layer 108, bottom dielectric layer 400, stack-
up height 146, inner conductor 106, top surface 110, bottom
conductor 112, waveguide 114, waveguide wall 116, wave-
guide cavity 120, waveguide backend 118, waveguide back-
end surface 202, CE 502, PAE 200, and antenna slot 204 are
shown. Again, 1n this example, each of the dielectric layers
of the plurality of dielectric layers 102 are RF dielectrics.

In this example, the ACMWT 600 1s again shown to have
a center position 402 that may be located at approximately
half of the stack-up height 146 and a second center position
404 that 1s located at approximately half of the dielectric
structure width 126 of the dielectric structure 104.

The difference between this example and the one
described 1n relation to FIG. § 1s that in this example the
ACMWT 600 includes a cavity 602 within the ACMWT 600
to improve the electromagnetic performance of the ACMWT
600. In this example, the cavity 602 may be located within
the dielectric structure 104 between the inner conductor 106
and the PAE 200 at the middle dielectric layer 504, CE
dielectric layer 306, and/or adhesive layer between the
middle dielectric layer 504 and CE dielectric layer 506. The
cavity 602 1s centered about the inner conductor 106 with a
cavity width 604, which i1s greater than the inner conductor
width 406. The cavity 602 may also have a cavity height 606
that 1s greater than or approximately equal to the height of
the inner conductor 106. The cavity 602, for example, may
be filled with air.

In this example, cavity 602 may have a circular perimeter
such that the cavity width 604 may be approximately equal
to the width of the PAE 200. Alternatively, the diameter of
the cavity (1.e., cavity width 604) may be more or less than
the PAE dlameter 408 of the PAE 200. In general, the cavity
width 604 1s a predetermined value that 1s based on the
design of the ACMWT 600 such as to enhance and approxi-
mately optimize the gain and bandwidth of the CE 502 and
PAE 200 with the antenna slot 204.

As discussed earlier, the ACMWT 600 may include an
optional rigid surface layer that 1s located on top of the top
surface 110 that covers the top dielectric layer 108 and 1s
physically attached to the waveguide 114 at or near the
waveguide backend 118. The optional ngid surface layer
adds physical strength and rigidity to the waveguide 114 and
allows 1t to interface with an external wavegumde (not
shown) without causing physical damage to the ACMWT
600. The optional ngid surface layer may have a thickness
that 1s approximately equal to the height of the waveguide
114 so as to incorporate the waveguide 114 within the
optional rigid surface layer and may include screw holes
(not shown) around an opening of waveguide cavity 120 to
attach the waveguide 114 and optional rigid surface layer to
a flange of an external waveguide (not shown). Again, based
on the design of the optional rigid surface layer, the optional
rigid surface layer may be constructed of metal, plastics, or
other rigid materials.

In FIG. 7, a cross-sectional side-view of the ACMWT 500
(shown 1n FIG. 5) 1s shown in accordance with the present
disclosure. In this view, the dielectric structure 104, plurality
of dielectric layers 102, top dielectric layer 108, bottom
dielectric layer 400, middle dielectric layer 504, CE dielec-
tric layer 506, plurality of adhesive layers 508, adhesive
layer 510, dielectric layer 512, adhesive layer 514, adhesive
layer 516, diclectric layer 518, stack-up height 146, inner
conductor 106, top surface 110, bottom conductor 112,
waveguide 114, waveguide wall 116, waveguide cavity 120,
waveguide backend 118, waveguide backend surface 202,
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center position 402, first port 134, second port 136, CE 502,
PAE 200, and antenna slot 204 are shown. The PAF 200 has
a PAE center 700 located at the center of the PAE 200 and
a PAFE diameter 702. The ACMWT 500 also has an ACMW'T
length 704 that extends from the second port 136 to an end
706 of the ACMWT 500 and the inner conductor 106 has an
inner conductor length 708. In this example the inner

[ 1

conductor length 708 1s shown to extend a little past a CE
width 710 but without extending beyond the PAE diameter
702. It 1s appreciated by those of ordinary skill in the art that
the actual end of the mner conductor length 708 1s prede-
termined by the design of the ACMWT 500.

Turning to FIG. 8A, a cross-sectional front-view of an
example of still another implementation of the ACMWT 800
1s shown 1n accordance with the present disclosure. In this
example, the ACMWT 800 includes a rigid surface layer 802
on top surface 110 of the top dielectric layer 108 of the
ACMWT 800. The ngid surface layer 802 covers the top
dielectric layer 108 and 1s physically attached to the wave-
guide 114 at or near the waveguide backend 118. In this
example, the rigid surface layer 802 adds physical strength
and rigidity to the waveguide 114 without causing physically
damage to the ACMWT 800.

As an example, the rigid surface layer 802 may be thick
enough to incorporate the waveguide 114 within the optional
rigid surface layer 802 and may include screw holes (not
shown) around an opening of waveguide cavity 120 to attach
the waveguide 114 and the rnigid surface layer 802 to a flange
ol an external waveguide (not shown). Based on the design
of the ngid surface layer 802, the rigid surface layer 802 may
be constructed of metal, plastics, or other rigid materials. IT
the rigid surface layer 802 1s fabricated from or includes a
metal or other conductive material, the rigid surface layer
802 may act as a ground plane for the waveguide walls 116.
In FIG. 8B, a cross-sectional side-view of the ACMWT 800
1s shown 1n accordance with the present disclosure.

In FIG. 9A, a cross-sectional front-view of an example of
another implementation of the ACMWT 900 having a rigid
surface layer 902 1s shown in accordance with the present
disclosure. In this example, the rigid surface layer 902 has
a height that 1s approximately equal to the waveguide length
904. FIG. 9B 1s a cross-sectional side-view of the ACMWT
900 1n accordance with the present disclosure and FIG. 9C
1s a top view of the ACMWT 900 1n accordance with the
present disclosure. In FIG. 9C, four screw holes 906 are
shown that penetrate 1nto the rigid surface layer 902. The
four screw holes 906 may be utilized to attach an external
waveguide flange (not shown) on to the ACMWT 900. It 1s
appreciated that in this example, the waveguide may be
either the rectangular waveguide 114 or elliptical waveguide
302.

Turning to FIG. 10, a zoomed-1n view of the PAE 200 and
antenna slot 204 within the ACMWT 100 are shown in
accordance with the present disclosure. In this example, the
antenna slot 204 1s shown within the PAE 200 at an angle 0
1000 with respect to the inner conductor 106 along the
second center position 404. In this example, the antenna slot
204 1s shown to be centered about the second center position
404. The angle 0 1000 may be negative or positive. In this
example, the PAE 200 1s shown to have a circular shape with
a radius 1002. As discussed earlier, the geometry (or shape),
dimensions (e.g., radius, thickness), and position of the PAE
200 along the top surface 110 and the geometry and dimen-
s1oms (e.g., slot length and slot width) of the antenna slot 204
within the PAE 200 determine the electromagnetic charac-
teristics of the radiated output signal 140 or received input

TEM signal 122. Moreover, 1n this example, the PAE 200 1s
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circular with the radius 1002 and the antenna slot 204 has a
slot length 1004 and slot width 1006. In this example, the
antenna slot 204 may be rectangular 1n shape. In general, the
radius 1002 of the PAE 200 and the slot length 1004 and slot
width 1006 are predetermined to enhance and approximately
optimize/maximize the either the radiated output signal 140
or the received mput TEM signal 122 produced by the CE
502 and PAE 200 (with the antenna slot 204) at a predeter-
mined operating frequency. It 1s appreciated by those of
ordinary skill 1n the art that other geometries may also be
utilized 1n the present disclosure without departing from the
spirit or pr1nc1ples disclosed herein. In this example, the
radius 1002 1s equal to half of the PAE diameter (e.g., PAE
diameter 408 or PAE diameter 702).

FIG. 11 1s a cross-sectional view along either the first
cutting plane A-A' 142 or the third cutting plane C-C' 412
showing the inner conductor 106 running along the
ACMWT 500 length (in the direction of the X-axis 124) in
accordance with the present disclosure. In this example, the
inner conductor 106 1s shown to be within the plurality of
dielectric layers 102 1n the middle dielectric layer 504 of the
dielectric structure 104 between two other dielectric layers
(not shown). The mner conductor length 708 of the inner
conductor 106 extends from the second port 136 to a
location under the PAE 200 that may be approximately at or
near the PAE center 700. In this example, a PAE outline
1100 of the PAE 200 1s shown for reference.

FIG. 12 1s a cross-sectional view along the fourth cutting
plane D-D' 522 showing the CE 3502 1n accordance with the
present disclosure. In this example, the CE 502 1s shown as
a stub that has the CE length 520 that 1s approximately
orthogonal to the mner conductor length 708 of the nner
conductor 106. In this view, the inner conductor 106 1s
located within the plurality of dielectric layers 102 below the
CE dielectric layer 506. The mner conductor 106 1s located
below the CE 502 and 1s not visible. Moreover, the PAE 200
and antenna slot 204 are located above the CE 502 on the top
dielectric layer 108 and are also not visible. As such, 1n this
view, an inner conductor outline 1200 of the inner conductor
106 and the PAE outline 1100 of the PAE 200 are shown for
purposes of 1llustration. The mner conductor outline 1200 1s
centered about the second center position 404. In this

example, the CE 502 1s located below the PAE 200 within
the PAE outline 1100 where the CE length 520 1s less than
or equal to the PAE diameter 702 (i.e., twice the radius 1002)
of the PAFE outline 1100 and extends approximately orthogo-
nally from the mner conductor outline 1200. In general, the
CE length 520, CE width 710, and angle with respect to the
inner conductor 106 are predetermined to enhance and
approximately optimize the radiated or received signals (1.e.,
output signal 140 or input TEM signal 122) of the combmed
PAE 200 and antenna slot 204 at a predetermined operating
frequency.

In this disclosure, the inner conductor 106, CE 502, and
PAE 200 are designed to be electrically coupled to one
another at a predetermined operating frequency. In an
example of operation, in one direction, the output TEM
signal 138 inserted into the second port 136 traverses
between the mnner conductor 106 and bottom conductor 112
(as a TEM mode), then electrically couples through the
dielectric structure 104 to the CE 502 where the current of
the signal 1s rotated due to the onentation of CE 502 with
respect to the mner conductor 106. The signal then electri-
cally couples from CE 502 through the dielectric structure
104 to the PAE 200 where the current of the signal further
rotates due to the orientation of PAE 200 with respect to CE
502. The circularly polarized radiated signal 1s then radiated
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into the waveguide cavity 120 and propagated along the
waveguide 114 (as either a TE or TM mode) to the output
signal 140. In the opposite direction, the input signal 132
injected into the first port 134 propagates along the wave-
guide length 904 (as either a TE mode or TM mode) until 1t
reaches the combined PAE 200 and antenna slot 204. The
input signal 132 induces coupling between the combined
PAE 200 and antenna slot 204 and inner conductor 106
though the CE 502. The resulting coupled signal 1s rotated
in the opposite direction and traverses between the inner
conductor 106 and bottom conductor 112 (as a TEM mode)
towards the second port 136 as the mput TEM signal 122.

FIG. 13 1s a cross-sectional view along either the first
cutting plane A-A' 142 or the third cutting plane C-C' 412
showing an example of an implementation of the single
cavity 602 in accordance with the present disclosure. In this
example, the inner conductor 106 1s shown to be 1n the
middle dielectric layer 504 of the dielectric structure 104.
The cavity 602 1s also shown within the dielectric structure
104 around and above the inner conductor 106. The cavity
602 has a perimeter 1300 that 1s circular with a diameter
equal to the cavity width 1302. In this example, the cavity
602 i1s shown to cut through the middle dielectric layer 504
exposing a top surface 1303 of the dielectric layer below the
middle dielectric layer 504. As 1n the example shown 1n FIG.
6, the cavity 602 1s located below the PAE 200 and the CE
502 and around and above the inner conductor 106. The
cavity width 1302 1s approximately equal to or less than the
PAE diameter (e.g., PAE diameter 408 and 702). In this
example, the cavity 602 1s air filled and has the width 1302
and the height 606 occupying the space around the inner
conductor 106 and above a top surface 1304 of the nner
conductor 106. The cavity 602 may be adjacent to the sides
of the portion of the mner conductor 106. In general, the
cavity width 1302 1s a predetermined value that 1s based on
the design of the ACMWT 600 such as to enhance and
approximately optimize the gain and bandwidth of the CE
502 and PAE 200 with the antenna slot 204. While only a
smgle cavity 602 1s shown 1n this example, 1t 1s appreciated
that 1n other examples may include multiple cavities within

the middle dielectric layer 504.
Turning to FIGS. 14A-14H, a method for fabricating the

ACMWT (.e., ACMWT 100, 300, 500, 600, 800, and 900)
utilizing a lamination process 1s shown. Specifically, in FIG.
14A, a cross-sectional view of a first section 1400 of the
ACMWT 1s shown in accordance with the present disclo-
sure. The first section 1400 of the ACMWT includes a first
dielectric layer 1402 with a first conductive layer 1404
patterned on a bottom surface 1406 of the first dielectric
layer 1402, where the first dielectric layer 1402 has a top
surface 1408 and bottom surface 1406. In this example, the
first conductive layer 1404 1s the bottom conductor (i.e.,
bottom conductor 112). In thus example, the first conductive
layer 1404 may be constructed of a conductive metal such
as, for example, electroplated copper or printed silver ink.
In FIG. 14B, a cross-sectional view of a second section
1410 of the ACMWT 1s shown in accordance with the
present disclosure. The second section 1410 of the ACMWT
includes a second dielectric layer 1412 with a second
conductive layer 1414 patterned on a top surface 1416 of the
second dielectric layer 1412, where the second dielectric
layer 1412 includes a top surface 1416 and bottom surface
1418. In this example, the second conductive layer 1414 1s
an 1nner conductor (i.e., mner conductor 106) of the
ACMWT. In thus example, the second conductive layer 1414
may be constructed of a conductive metal such as, for
example, electroplated copper or printed silver ink.
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In FIG. 14C, a cross-sectional view of a first combination
1420 of the first section 1400 and the second section 1410
of the ACMWT 1s shown in accordance with the present
disclosure. The first combination 1420 1s formed by lami-
nating the bottom surface 1418 of the second dielectric layer
1412 to the top surface 1408 of the first dielectric layer 1402
with a first adhesive layer 1422 that may be an adhesive film.

In FIG. 14D, a cross-sectional view of a third section 1424
of the ACMWT 1s shown in accordance with the present
disclosure. The third section 1424 of the ACMWT includes
a third dielectric layer 1426 with a third conductive layer
1428 patterned on a top surface 1430 of the third dielectric
layer 1426, where the third dielectric layer 1426 also
includes a bottom surface 1432. In thus example, the third
conductive layer 1428 1s the PAE of the ACMWT. In this
example, the third conductive layer 1428 may be con-
structed of a conductive metal such as, for example, elec-
troplated copper or printed silver 1nk.

In FIG. 14E, a cross-sectional view of a fourth section
1434 of the ACMWT 1s shown in accordance with the
present disclosure. The fourth section 1434 of the ACMWT
includes a fourth dielectric layer 1436 with a fourth con-
ductive layer 1438 patterned on a top surface 1440 of the
tourth dielectric layer 1436, where the fourth dielectric layer
1436 also includes a bottom surface 1442. In this example,
the fourth conductive layer 1438 1s a CE (1.e., CE 502) of the
ACMWT. In this example, the fourth conductive layer 1438
may be constructed of a conductive metal such as, for
example, electroplated copper or printed silver ink.

In FIG. 14F, a cross-sectional view of a second combi-
nation 1444 of the first combination 1420 and the fourth
section 1434 of the ACMWT 1s shown 1n accordance with
the present disclosure. The second combination 1444 1s
formed by laminating the bottom surface 1442 of the fourth
dielectric layer 1436 to the top surface 1416 of the second
dielectric layer 1412 with a second adhesive layer 1446.

In FIG. 14G, a cross-sectional view ol a composite
laminated structure 1448 that includes the second combina-
tion 1444 and the third section 1424 of the ACMWT 1s
shown 1n accordance with the present disclosure. In the
composite laminated structure 1448, the bottom surface
1432 of the third dielectric layer 1426 1s laminated on to the
top surtace 1440 of the fourth dielectric layer 1436 with a
third adhesive layer 1450 producing the composite lami-
nated structure 1448 that 1s also the dielectric structure (e.g.,
dielectric structure 104).

In FIG. 14H, a cross-sectional view of a combined
structure 1452 of the ACMWT 1s shown 1n accordance with
the present disclosure. In this view, the waveguide walls
1454 (e.g., waveguide walls 116 or waveguide wall 304) are
attached to the composite laminated structure 1448 on the
top surface 1430 of the third dielectric layer 1426.

As discussed earlier, the ACMWT may also include
laminating a rnigid surface layer (not shown) on the top
surface 1430 of the third dielectric layer 1426 so as to
establish a ngid base for the waveguide walls 1454. The
thickness of this rigid surface layer may vary based on the
design of the ACMWTT such as a smaller thickness as shown
in FIGS. 8A and 8B to a thickness that 1s approximately
equal to the waveguide length 904 as shown in FIGS. 9A
through 9C.

Moreover, as described 1n relation to FIG. 6, the ACMWT
may include an optional cavity (that may be filled with air)
about the second conductive layer 1414 (i.e., the inner
conductor 106). This optional cavity may be formed within
the fourth dielectric layer 1436 and/or the second adhesive
layer 1446. In this example, the fourth dielectric layer 1436
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may include sub-sections of the fourth dielectric layer 1436
to produce at least one cavity that may be about (i.c.,
surround) the second conductive layer 1414.

In these examples, the first dielectric layer 1402, second
dielectric layer 1412, third dielectric layer 1426, and fourth
dielectric layer 1436 may be constructed of an RF dielectric
material such as, for example, Pyralux®. Moreover, each of
these dielectric layers 1402, 1412, 1426, and 1436 may be
laminated to each other with first, second, and third adhesive
layers 1422, 1446, and 1450, respectively, where each
adhesive layer 1422, 1446, and 1450 may be an adhesive
film, adhesive tape, bonding film, or other adhesive material.

In FIG. 15, a flowchart 1s shown of an example imple-
mentation of a method 1500 for fabricating the ACMWT
utilizing a lamination process 1n accordance with the present
disclosure. The method 1500 1s related to the method for
tabricating the ACMWT (1.e., ACMWT 100, 300, 500, 600,
800, and 900) utilizing the lamination process described 1n
FIGS. 14 A-14H. The method 1500 starts by patterning 1502
the first conductive layer 1404 on the bottom surface 1406
of the first dielectric layer 1402 to produce a bottom con-
ductor 112 acting as a reference ground plane. The method
1500 additionally includes patterning 1504 the second con-
ductive layer 1414 on a portion of the top surface 1416 of a
second dielectric layer 1412 to produce the inner conductor
106. The method 1500 also includes laminating 1506 the
bottom surface 1418 of the second dielectric layer 1412 to
the top surface 1408 of the first dielectric layer 1402. The
method 1500 also includes patterning 1508 the third con-
ductive layer 1428 on a portion of the top surface 1430 of the
third dielectric layer 1426 to produce the PAE 200 with the
antenna slot 204. The method 1500 additionally includes
patterning 1510 the fourth conductive layer 1438 on a
portion of the top surface 1440 of the fourth dielectric layer
1436 to produce the CE 502. The method 1500 further
includes laminating 1512 the bottom surface 1442 of the
tourth dielectric layer 1436 to the top surface 1416 of the
second dielectric layer 1412 to produce the second combi-
nation 1444. The method 1500 further includes laminating,
1514 the bottom surface 1432 of the thurd dielectric layer
1426 to the top surface 1440 of the fourth dielectric layer
1436 to produce the composite laminated structure 1448 that
1s the dielectric structure (e.g., dielectric structure 104). The
method 1500 then includes attaching 1516 the waveguide to
the composite laminated structure 1448.

In this example, the method 1500 may utilize a sub-
method where one or more of the first conductive layer
1404, second conductive layer 1414, third conductive layer
1428, and fourth conductive layer 1438 are formed by a
subtractive method (e.g., wet etching, milling, or laser
ablation) of electroplated or rolled metals or by an additive
method (e.g., printing or deposition) of printed inks or
deposited thin-films. The method 1500 then ends.

In FIGS. 16 A-16K, a method for fabricating the ACMWT
(1.e., ACMWT 100, 300, 500, 600, 800, and 900) utilizing an
additive 3-D printing process 1s shown.

Specifically, in FIG. 16A, a cross-sectional view of a first
section 1600 of the ACMWT 1s shown 1n accordance with
the present disclosure. The first section 1600 of the ACMWT
includes a printed first conductive layer 1602 with a top
surface 1604 and a first width 1606, where the first width
1606 has a first center 1608. The printed first conductive
layer 1602 1s the bottom conductor 112 acting as a reference
ground plane.

In FIG. 16B, a cross-sectional view of a first combination
1610 of the first section 1600 with a printed first dielectric
layer 1612 1s shown 1n accordance with the present disclo-
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sure. In this example, the printed first dielectric layer 1612
has a top surface 1614 that 1s printed on the top surface 1604
of the printed first conductive layer 1602.

In FIG. 16C, a cross-sectional view of a second combi-
nation 1616 of the first combination 1610 with a printed
second dielectric layer 1618 1s shown 1n accordance with the
present disclosure. In this example, the printed second
dielectric layer 1618 has a top surface 1620 and 1s printed on
the top surface 1614 of the first dielectric layer 1612.

In FIG. 16D, a cross-sectional view of a third combination
1622 of the second combination 1616 with a printed second
conductive layer 1624 1s shown in accordance with the
present disclosure. Specifically, the printed second conduc-
tive layer 1624 has a top surface 1626 and a second width

1628 (that 1s less than the first width 1606) that 1s printed on
the top surface 1620 of the second dielectric layer 1618. The
printed second conductive layer 1624 is the inner conductor

106. In this example, the second width 1628 results 1n a first

gap 1630 at a first end 1632 of the second conductive layer
1624 and a second gap 1634 at a second end 1636 of the

second conductive layer 1624, where the top surface 1620 of
the second dielectric layer 1618 1s exposed.

In FIG. 16E, a cross-sectional view of a fourth combina-
tion 1638 of the third combination 1622 with a printed third
dielectric layer 1640 1s shown 1n accordance with the present
disclosure. Specifically, the printed third dielectric layer
1640 1s printed on the top surface 1626 of the printed second
conductive layer 1624 and the top surface 1620 of the
printed second dielectric layer 1618 though the first gap
1630 and second gap 1634. In this example, the printed third
dielectric layer 1640 has a top surface 1642. Furthermore, 1n
this example, the printed third dielectric layer 1640 may
have a height that 1s greater than or equal to the height of the
printed second conductive layer 1624.

In FIG. 16F, a cross-sectional view of a fifth combination
1644 1s shown 1n accordance with the present disclosure.
The fifth combination 1644 1s a combination of the fourth
combination 1638 and a printed fourth dielectric layer 1646.
Specifically, the printed fourth dielectric layer 1646 has a top
surface 1648 and 1s printed on the top surface 1642 of the
printed third dielectric layer 1640. It 1s appreciated by those
of ordinary skill in the art that based on the design and
thickness of the third dielectric layer 1940, the fourth
dielectric layer 1646 may be optional. Spec1ﬁcally, the
distance between the printed second conductive layer 1624
and a soon to be printed third conductive layer (not shown)
1s a predetermined distance based on the design of the
ACMWT. As such, the height of the third dielectric layer
1640 is either equal to this predetermined distance if the
fourth dielectric layer 1646 1s not utilized or the height of the
combination of the third dielectric layer 1640 and the fourth
dielectric layer 1646 1s equal to the predetermined distance.

In FIG. 16G, a cross-sectional view of a sixth combina-
tion 1650 1s shown 1n accordance with the present disclo-
sure. The sixth combination 1650 1s a combination of the
fifth combination 1644 and a printed third conductive layer
1652. The printed third conductive layer 1652 has a top
surface 1654 and a third width 1656 (that 1s less than the first
width 1606) that i1s printed on the top surface 1648 of the
printed fourth dielectric layer 1646. In this example, the
third width 1656 results 1n a first gap 1658 at a {irst end 1660
of the printed third conductive layer 1652 and a second gap
1662 at a second end 1664 of the printed third conductive
layer 1652, where the top surface 1648 of the printed fourth
dielectric layer 1646 1s exposed. The third conductive layer
1652 1s a CE (e.g., CE 502).
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In FIG. 16H, a cross-sectional view of a seventh combi-
nation 1666 of the sixth combination 1650 with a printed
fifth dielectric layer 1668 1s shown 1n accordance with the
present disclosure. Specifically, the printed fifth dielectric
layer 1668 1s printed on the top surface 1654 of the printed
third conductive layer 1652 and the top surface 1648 of the
printed fourth dielectric layer 1646 though the first gap 16358
and second gap 1662. In this example, the printed fifth
dielectric layer 1668 has a top surface 1670. Furthermore, 1n
this example, the printed fifth dielectric layer 1668 may have
a height that 1s greater than or equal to the height of the
printed third conductive layer 1652.

In FIG. 161, a cross-sectional view of an eighth combi-
nation 1672 of the seventh combination 1666 with a printed
sixth dielectric layer 1674 1s shown 1n accordance with the
present disclosure. The printed sixth dielectric layer 1674
has a top surface 1676 and 1s printed on the top surface 1670
of the printed fifth dielectric layer 1668. It 1s appreciated by
those of ordinary skill 1n the art that based on the design and
thickness of the fifth dielectric layer 1668, the sixth dielec-
tric layer 1674 may be optional. Spec1ﬁcally,, the distance
between the printed third conductive layer 1652 and a soon
to be printed fourth conductive layer (not shown) i1s a
predetermined distance based on the design of the ACMWT,
As such, the height of the fifth dielectric layer 1668 is either
equal to this predetermined distance if the sixth dielectric
layer 1674 1s not utilized or the height of the combination of
the fifth dielectric layer 1668 and the sixth dielectric layer
1674 1s equal to the predetermined distance.

In FIG. 161], a cross-sectional view of a composite printed
structure 1678 of the eighth combination 1672 with a printed
fourth conductive layer 1680 1s shown 1n accordance with
the present disclosure. The printed fourth conductive layer
1680 1s printed on a portion of the top surface 1676 of the
printed sixth dielectric layer 1674 and has a fourth width
1682 (that 1s less than the first width 1606). The printed
fourth conductive layer 1680 1s the PAE 200 with the
antenna slot 204 and the composite printed structure 1678 1s
the dielectric structure (e.g., dielectric structure 104).

In FIG. 16K, a cross-sectional view of a combined printed
structure 1683 of the ACMWT 1s shown 1n accordance with
the present disclosure. In this view, the waveguide walls
1684 (c.g., waveguide walls 116 or waveguide wall 304) are
attached to the composite printed structure 1678 on the top
surface 1676 of the printed sixth dielectric layer 1674.

In this example, as described 1n relation to FIG. 6, the
ACMWT may include an optional cavity (that may be filled
with air) about the printed second conductive layer 1624
(1.e., the mner conductor 106). This optional cavity may be
tformed within the printed third dielectric layer 1640. In this
example, the printed third dielectric layer 1640 may include
sub-sections of the printed third dielectric layer 1640 to
produce at least one cavity that may be about (i.e., surround)
the printed second conductive layer 1624.

As discussed earlier, the ACMWT may also include
printing (or attaching by other means) a rigid surface layer
(not shown) on the top surface 1676 of the printed sixth
dielectric layer 1674 so as to establish a rigid base for the
waveguide walls 1684. The thickness of this rnigid surface
layer may vary based on the design of the ACMWT such as
a smaller thickness as shown in FIGS. 8A and 8B to a

thickness that 1s approximately equal to the waveguide
length 904 as shown 1n FIGS. 9A through 9C.

In FIG. 17, a flowchart 1s shown of an example 1mple-
mentation of method 1700 for fabricating the ACMWT (1.e.,
ACMWT 100, 300, 500, 600, 800, and 900) utilizing a 3-D

additive printing process in accordance with the present
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disclosure. The method 1700 1s related to the method for
tabricating the ACMWT utilizing the additive 3-D printing
process as shown in FIGS. 16A-16K.

The method 1700 starts by printing 1702 the first con-
ductive layer 1602. The first conductive layer 1602 includes
a top surface 1604 and has a first width 1606 with a first
center 1608. The first conductive layer 1602 is the bottom
conductor 112 configured as a reference ground plane. The
method 1700 then includes printing 1704 the first dielectric
layer 1612 on the top surface 1604 of the first conductive
layer 1602. The first dielectric layer 1612 includes a top
surface 1614. The method 1700 then includes printing 1706
the second dielectric layer 1618 (with a top surface 1620) on
the top surface 1614 of the first dielectric layer 1612. The
method 1700 then includes printing 1708 the second con-
ductive layer 1624 on the top surface 1620 of the second
dielectric layer 1618. The second conductive layer 1624 has
a top surface 1626 and a second width 1628, where the
second width 1628 1s less than the first width 1606. More-
over, the second conductive layer 1624 1s the inner conduc-
tor (e.g., mner conductor 106). The method 1700 further
includes printing 1710 the third dielectric layer 1640 (with
a top surface 1642) on the top surface 1626 of the second
conductive layer 1624 and on the top surtace 1620 on of the
second dielectric layer 1618. The third dielectric layer 1640
has a top surface 1642. The method 1700 then includes
optionally printing 1712 the fourth dielectric layer 1646
(with a top surface 1648) on the top surface 1642 of the third
dielectric layer 1640. As discussed earlier in relation to
FIGS. 16 Ato 16K, 1t 1s appreciated by those of ordinary skill
in the art that based on the design and thickness of the third
dielectric layer 1640, the fourth dielectric layer 1646 1is
optional. The distance between the printed second conduc-
tive layer 1624 and the printed third conductive layer 16352
1s a predetermined distance based on the design of the
ACMWT. As such, the height of the third dielectric layer
1640 1s either equal to this predetermined distance (if the
tourth dielectric layer 1646 1s not utilized) or the height of
the combination of the third dielectric layer 1640 and the
fourth dielectric layer 1646 i1s equal to the predetermined
distance.

Moreover, the method 1700 includes printing 1714 the
third conductive layer 1652 on the top surface 1648 of the
tourth dielectric layer 1646 i the fourth dielectric layer 1646
1s present or on the top surface 1642 of the third dielectric
layer 1640 11 the fourth dielectric layer 1646 1s not present.
For purposes of ease of illustration, for this example, 1t will
be assumed that the fourth dielectric layer 1646 1s present;
however, 1t 1s appreciated that the following description may
be modified accordingly i1 the fourth dielectric layer 1646 1s
not present.

The third conductive layer 1652 has a top surface 1654
and a third width 1656, where the third width 1656 1s less
than the first width 1606. The third conductive layer 1652 1s
a CE (e.g., CE 502). The method 1700 then includes printing
1716 a fifth dielectric layer 1668 on the top surface 1648 of
the fourth dielectric layer 1646 and optionally printing on
the top surface 1654 of the third conductive layer 1652. The
fifth dielectric layer 1668 has a top surface 1670. The
method then mncludes optionally printing 1718 a sixth dielec-
tric layer 1674 on the top surtace 1670 of the fifth dielectric
layer 1668, where the sixth dielectric layer 1674 has a top
surface 1676.

As discussed earlier 1n relation to FIGS. 16 A to 16K, 1t 1s
again appreciated by those of ordinary skill in the art that
based on the design and thickness of the fifth dielectric layer
1668, the sixth dielectric layer 1674 1s optional. Specifically,
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in addition to the distance between the printed second
conductive layer 1624 and the printed third conductive layer
1652 being a predetermined distance based on the design of
the ACMWT, the distance between the printed third con-
ductive layer 1652 and the printed fourth conductive layer
1680 1s also a second predetermined distance based on the

design of the ACMWT. As such, the height of the fifth
dielectric layer 1668 1s either equal to the second predeter-
mined distance 1t the sixth dielectric layer 1674 is not
utilized or the height of the combination of the fifth dielec-
tric layer 1668 and the sixth dielectric layer 1674 1s equal to
the second predetermined distance. Again, for purposes of
case of 1llustration, for this example, 1t will be assumed that
the sixth dielectric layer 1674 1s present; however, 1t 1s
appreciated that the following description may be modified
accordingly 11 the sixth dielectric layer 1674 1s not present.

The method then includes printing 1720 the fourth con-

ductive layer 1680 on the top surface 1676 of the sixth
dielectric layer 1674 to produce a PAE (e.g., PAE 200) with
an antenna slot (e.g. antenna slot 204). The fourth conduc-

tive layer 1680 has a fourth width 1682, where the fourth
width 1682 1s less than the first width 1606. The fourth
conductive layer 1680 1ncludes an antenna slot within the
fourth conductive layer 1980 that exposes the top surface
1676 of the sixth dielectric layer 1674 through the fourth
conductive layer 1680.

The method 1700 then further includes attaching 1722 the
waveguide to the top surface 1676 of the sixth dielectric
layer 1674. The method 1700 then ends.

In this example, the method 1700 may utilize a sub-
method where one or more of the first conductive layer
1602, second conductive layer 1624, third conductive layer
1652, and fourth conductive layer 1680 are formed by a
subtractive method (e.g., wet etching, milling, or laser
ablation) of electroplated or rolled metals or by an additive
method (e.g., printing or deposition) of printed inks or
deposited thin-films.

It will be understood that various aspects or details of the
invention may be changed without departing from the scope
of the invention. It 1s not exhaustive and does not limit the
claimed 1nventions to the precise form disclosed. Further-
more, the foregoing description 1s for the purpose of 1llus-
tration only, and not for the purpose of limitation. Modifi-
cations and variations are possible i light of the above
description or may be acquired from practicing the mmven-
tion. The claims and their equivalents define the scope of the
invention.

In some alternative examples of implementations, the
function or functions noted 1n the blocks may occur out of
the order noted 1n the figures. For example, 1n some cases,
two blocks shown 1n succession may be executed substan-
tially concurrently, or the blocks may sometimes be per-
formed 1n the reverse order, depending upon the function-
ality mvolved. Also, other blocks may be added in addition
to the 1llustrated blocks in a flowchart or block diagram.

The description of the different examples of implemen-
tations has been presented for purposes of illustration and
description, and 1s not intended to be exhaustive or limited
to the examples 1 the form disclosed. Many modifications
and varnations will be apparent to those of ordinary skill 1n
the art. Further, diflerent examples of implementations may
provide different features as compared to other desirable
examples. The example, or examples, selected are chosen
and described 1n order to best explain the principles of the
examples, the practical application, and to enable others of
ordinary skill 1n the art to understand the disclosure for
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various examples with various modifications as are suited to
the particular use contemplated.

What 1s claimed 1s:

1. An aperture coupled microstrip-to-waveguide transi-
tion, comprising;

a plurality of dielectric layers forming a dielectric struc-
ture, wherein a top dielectric layer from the plurality of
dielectric layers includes a top surface;

an inner conductor formed within the dielectric structure;

a patch antenna element formed on the top surface;

a coupling element formed within the dielectric structure;

a bottom conductor;

an antenna slot within the patch antenna element; and

a waveguide comprising at least one waveguide wall and
a waveguide backend, wherein the waveguide backend
has a waveguide backend surtace that 1s a portion of the
top surface of the top dielectric layer, wheremn the
waveguide backend surface and the at least one wave-
guide wall form a waveguide cavity within the wave-
guide, wherein the patch antenna element 1s located
within the waveguide cavity at the waveguide backend
surface, wherein the patch antenna element 1s a con-
ductor, wherein the dielectric structure 1s configured to
support a transverse electromagnetic signal during use,
and wherein the waveguide 1s configured to support a
transverse electric signal and a transverse magnetic
signal during the use.

2. The aperture coupled microstrip-to-waveguide transi-
tion of claim 1, wherein the antenna slot 1s angled along the
patch antenna element with respect to the inner conductor.

3. The aperture coupled microstrip-to-waveguide transi-
tion of claim 1, wherein each dielectric layer from the
plurality of dielectric layers comprises a dielectric laminate
material.

4. The aperture coupled microstrip-to-waveguide transi-
tion of claim 1, wherein the dielectric structure comprises a
stack-up height and a dielectric structure width, wherein the
inner conductor 1s located 1n a middle dielectric layer within
the dielectric structure, wherein the middle dielectric layer 1s
approximately at a center position equal to approximately
half of the stack-up height, and wherein the inner conductor
comprises an inner conductor center located within the
dielectric structure, the inner conductor center approxi-
mately at a second center position equal to approximately
half of the dielectric structure width.

5. The aperture coupled microstrip-to-waveguide transi-
tion of claim 1, wherein each dielectric layer from the
plurality of dielectric layers comprises a dielectric laminate
material, and wherein the inner conductor 1s a stripline or
microstrip conductor.

6. The aperture coupled microstrip-to-waveguide transi-
tion of claim 1, wherein the coupling element i1s formed
within the dielectric structure above the mner conductor and
below the patch antenna element.

7. The aperture coupled microstrip-to-waveguide transi-
tion of claim 6, wherein the mner conductor comprises an
inner conductor length and an 1nner conductor width that are
predetermined to approximately optimize electromagnetic
coupling between the transverse electromagnetic signal on
the mner conductor and the transverse electric signal or the
transverse magnetic signal 1n the waveguide at a predeter-
mined operating frequency.

8. The aperture coupled microstrip-to-waveguide transi-
tion ol claim 7, wherein the coupling element 1s a stub,
wherein the coupling element comprises a coupling element
length, a coupling element width, and 1s at an angle with
respect to the inner conductor, and wherein the coupling
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clement length, the coupling element width, and the angle
are predetermined to approximately optimize electromag-
netic coupling between the transverse electromagnetic sig-
nal on the mner conductor and the transverse electric signal
or the transverse magnetic signal in the waveguide at a
predetermined operating frequency.
9. The aperture coupled microstrip-to-waveguide transi-
tion of claim 8, wherein the patch antenna element 1s circular
and the antenna slot i1s rectangular, wherein the patch
antenna element comprises a radius, wherein the antenna
slot has a slot length, a slot width, and 1s at an angle with
respect to the inner conductor, and wherein the radius of the
patch antenna element, the slot length, the slot width, and the
angle are predetermined to optimize electromagnetic cou-
pling between the transverse electromagnetic signal on the
inner conductor and the transverse electric signal or the
transverse magnetic signal 1n the waveguide at a predeter-
mined operating frequency.
10. The aperture coupled microstrip-to-waveguide tran-
sition of claim 1, further including a cavity formed within
the dielectric structure above the inner conductor and below
the patch antenna element.
11. The aperture coupled microstrip-to-waveguide transi-
tion of claim 10, wherein the coupling element 1s formed
within the dielectric structure above the cavity and below the
patch antenna element.
12. The aperture coupled microstrip-to-waveguide tran-
sition of claim 10, wherein the cavity 1s filled with air, and
wherein the inner conductor includes a portion located
within the cavity.
13. A method {for {fabricating an aperture coupled
microstrip-to-waveguide transition utilizing a lamination
process, the method comprising;
patterning a first conductive layer on a bottom surface of
a first dielectric layer to produce a bottom conductor,
wherein the first dielectric layer includes a top surface;

patterming a second conductive layer on a top surface of
a second dielectric layer to produce an inner conductor,
wherein the second dielectric layer includes a bottom
surface;

laminating the bottom surface of the second dielectric

layer to the top surface of the first dielectric layer to
produce a first combination;

patterming a third conductive layer on a top surface of a

third dielectric layer to produce a patch antenna ele-
ment with an antenna slot, wherein the third dielectric
layer includes a bottom surface;

patterming a fourth conductive layer on a top surface of a

fourth dielectric layer to produce a coupling element,
wherein the fourth dielectric layer includes a bottom
surface;

laminating the bottom surface of the fourth dielectric

layer to the top surface of the second dielectric layer to
produce a second combination;

laminating the bottom surface of the third dielectric layer

to the top surface of the fourth dielectric layer to
produce a composite laminated structure, wherein the

composite laminated structure 1s a dielectric structure;
and

attaching a waveguide wall to the composite laminated

structure.

14. The method of claim 13, wherein the fourth dielectric
layer includes sub-sections of the fourth dielectric layer to
produce at least one cavity, and wherein laminating the
bottom surface of the fourth dielectric layer to the top
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surface of the second dielectric layer to produce the second
combination includes forming the at least one cavity about
the second conductive layer.

15. The method of claim 14, wherein the first conductive
layer, the second conductive layer, the third conductive
layer, and the fourth conductive layer are conductive metals.

16. The method of claim 15, wherein at least one of the
first conductive layer, the second conductive layer, the third
conductive layer, and the fourth conductive layer 1s formed
by a subtractive method of electroplated or rolled metals or
1s formed by an additive method of printed inks or deposited
thin-films, and wherein the subtractive method includes wet
ctching, milling, or laser ablation.

17. The method of claim 13, further comprising laminat-
ing a rigid surface layer on the composite laminated struc-
ture.

18. A method for fabricating an aperture coupled
microstrip-to-waveguide transition utilizing a three-dimen-
sional additive printing process, the method comprising:

printing a {irst conductive layer having a top surface and

a first width, wherein the first width has a first center
and wherein the first conductive layer 1s a bottom layer
configured as a reference ground plane;

printing a first dielectric layer on the top surface of the

first conductive layer, wherein the first dielectric layer
has a top surface;

printing a second dielectric layer on the top surface of the

first dielectric layer, wherein the second dielectric layer
has a top surface;

printing a second conductive layer on the top surface of

the second dielectric layer, wherein the second conduc-
tive layer has a top surface and a second width, wherein
the second width 1s less than the first width, and
wherein the second conductive layer 1s an iner con-
ductor;

printing a third dielectric layer on the top surface of the

second conductive layer and on the top surface on the
second dielectric layer, wherein the third dielectric
layer has a top surface;

printing a third conductive layer on the top surface of the

third dielectric layer, wherein the third conductive layer
has a top surface and a third width, wherein the third
width 1s less than the first width, and wherein the third
conductive layer 1s a coupling element;

printing a fourth dielectric layer on the top surface of the

third conductive layer and on the top surface of the
third dielectric layer, wherein the fourth dielectric layer
has a top surface; and

printing a fourth conductive layer on the top surface of the

fourth dielectric layer to produce a patch antenna
element with an antenna slot, wherein the fourth con-
ductive layer has a fourth width, wherein the fourth
width 1s less than the first width, and wherein the fourth
conductive layer includes the antenna slot within the
fourth conductive layer that exposes the top surface of
the fourth dielectric layer through the fourth conductive
layer; and

attaching a waveguide wall to the fourth dielectric layer.

19. The method of claim 18, wherein the third dielectric
layer includes sub-sections to produce at least one cavity.

20. The method of claim 18, further comprising;

printing a fifth dielectric layer on the top surface of the

third dielectric layer, wherein the fifth dielectric layer
has a top surface, and

printing a sixth dielectric layer on the top surface of the

tourth dielectric layer, wherein the sixth dielectric layer
has a top surface, wherein printing the third conductive
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layer on the top surface of the third dielectric layer
includes printing the third conductive layer on the top
surface of the fifth dielectric layer, and wherein printing
the fourth conductive layer on the top surface of the
fourth dielectric layer to produce the patch antenna
clement includes printing the sixth dielectric layer on
the top surface of the fourth dielectric layer and print-
ing the fourth conductive layer on the top surface of the
sixth dielectric layer.
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